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FOREWORD 


This  "Aircraft  Designer's  Handbook  on  Titanium  and  Titanium  Alloys"  represents  a  second  edi¬ 
tion  of  an  earlier  handbook  bearing  the  same  title,  and  the  designation  SST  65-8,  dated  August,  1965. 

This  earlier  version  was  assembled  in  support  of  the  supersonic  aircraft  transport  program  that  is  being 
directed  by  the  Office  of  Supersonic  Transport  Development  under  the  Federal  Aviation  Agency  and  was 
prepared  by  the  Columbus  Laboratories  of  Battelle  Memorial  institute  under  Contract  No.  FA-SS-65-6. 

The  present  version  retains  the  format  of  the  earlier  edition.  However,  much  of  the  earlier  in¬ 
formation  has  been  undated  to  reflect  the  changes  in  technology  that  have  occurred  since  1965.  In  addi¬ 
tion,  various  new  subsections  have  been  incorporated  to  broaden  the  scope  of  subject  matter  covered. 

This  revision  was  supported  jointly  by  the  Materials  Laboratory  of  the  U.  S.  Air  Force  and  the  Federal 
Aviation  Agency. 

If  general,  the  information  presented  herein  is  representative  of  good  engineering  practice,  al¬ 
though  actual  designs  and  fabrication  processes  may  vary  from  those  recommended.  Also,  although  the 
design  strength  allowables  data  given  in  Section  5  of  this  handbook  are  presented  in  accordance  with  MIL- 
HDBK-5  format  and  procedures,  these  in  no  way  supersede  the  approved  MIL-HDBK-5  information. 

Information  presented  in  this  handbook  was  obtained  from  many  sources.  Those  cooperating 
included  Government  agencies,  the  titanium  producers,  airframe  and  engine  companies,  and  many  others 
too  numerous  to  list  individually.  The  practice  of  referencing  the*,e  various  sources  has  been  followed 
extensively  in  all  sections  of  the  handbook.  Superscript  numbers  used  throughout  the  text  are  references 
that  are  listed  at  the  end  of  most  of  the  individual  subsections  of  the  handbook. 


In  most  instances,  the  DMIC  specialists  who  assisted  in  the  revision  of  this  handbook  were  the 
same  Battelle  staff  members  who  contributed  to  the  original  handbook.  These  were  as  follows: 

Section  1  and  2  were  prepared  by  R.  A.  Wood  with  special  contributions  by  T.  G. 

Byrer,  R,  H.  Ernst,  J.  D.  Jackson,  and  D.  N.  Williams.  Section  3  was  prepared  by 
J.  A.  Ourklis,  C.  T.  Olofson,  and  D.  E.  Strohecker.  Section  4  was  prepared  u7  D, 

G.  Howden,  J.  E.  Mortland,  and  R.  E.  Monroe.  Section  5  was  assembled  by  R.  J. 

Favor  with  assistance  from  D.  P.  Moon,  R.  C.  Simon,  and  W.  S.  Hyler.  F.  L.  Bag- 
by  served  as  the  Project  Director  and  General  Editor  of  the  original  handbook,  while 
D.  J.  Maykuth  performed  these  tasks  in  the  present  revision. 

All  comments,  corrections,  and  suggestions  for  additions  to  this  handbook  should  br  directed 
to: 


Defense  Metals  Information  Center 
Battelle  Memorial  Institute 
505  King  Avenue 
Columbus ,  Ohio  43201 

This  technical  report  has  been  reviewed  and  is  approved. 


D.  A.  Shinn 

Chief,  Materials  Information  Branch 
Materials  Application  Division 
Air  Force  Materials  Laboratory 
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ABSTRACT 


Emphasis  has  been  placed  on  the  properties  and  fabrication  charac¬ 
teristics  of  commercially  'jure  titanium  and  eight  titanium  a? leys  that  appear 
to  offer  promise  in  high-performance  airframe  applications.  These  alloys 
include  the  Ti-5Al-2.  5Sn,  Ti-8Al-lMo-lV,  Ti-6Ai-4V,  Ti-6Al-6V~2Sn, 
Ti-!3V-llCr-3Al.  Ti-4Al-3Mo-lV,  Ti-2.25Al-llSn-5Zr-lMo-0.2Si,  and 
Ti-6Al-2Sn-4Zr-2Mo  compositions. 

The  subjects  covered  and  overall  arrangement  of  the  material  pre¬ 
sented  is  as  follows; 

Section  1,  Metallurgy,  has  been  prepared  to  serve  as  a  reference 
and  guideline  on  the  basic  metallurgical  structure,  processing, 
heat  treatment,  and  stability  of  titanium  and  titanium  alloys  in  var¬ 
ious  environments.  Special  attention  is  given  to  the  reactive  nature 
of  titanium. 

Section  2,  Availability,  lists  the  sources,  nomenclature,  and  forms 
that  titanium  is  produced  in  by  the  mills  and  primary  fabricators 
of  forgings,  extrusions,  castings,  etc. 

Section  3,  Machining  and  Forming,  describes  currently  accepted 
pi/ocedures  and  processes  involved  in  detail  parts  fabrication 
operations. 

Section  4,  Joining,  describes  procedures  for  joining  titanium  in 
the  buildup  of  components,  subassemblies,  and  assemblies  Par¬ 
ticular  attention  has  been  given  to  welding. 

Section  5,  Mechanical  and  Physical  Properties,  contains  informa¬ 
tion  on  either  a  recommended  or  tentative  basis  of  the  design 
strength  allowables  for  commercially  pure  titanium  and  the  titan¬ 
ium  alloys  covered  by  the  handbook. 
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1-0.0  GENERAL  GUIDELINES 

Titanium  is  a  relatively  new  material.  In¬ 
terest  in  titanium  was  stimulated  in  the  early 
1950's,  when  it  became  evident  that  the  temper¬ 
ature  requirements  in  airframe  and  jet-engine 
components  were  exceeding  the  capabilities  of 
existing  lightweight  alloys.  Titanium,  with  its 
low  density  and  high  melting  temperature  seemed 
to  be  a  promising  material  to  meet  the  require¬ 
ments  of  advanced  aircraft.  Since  the  primary 
application  of  this  material  appeared  to  be  in 
military  aircraft,  the  United  States  Government 
supported  the  bulk  of  the  research  and  develop¬ 
ment  required  to  transform  the  metal  from  a 
laboratory  curiosity  into  a  useful  structural 
material.  The  rapid  growth  of  the  titanium  in¬ 
dustry  is  largely  due  to  the  effectiveness  of  this 
support. 

At  the  present  time  (1967),  titanium  and 
titanium  alloys  are  used  extensively  in  a  variety 
of  applications  ranging  in  sophistication  from 
critical  missile  and  aircraft  components  to 
corrosion- resistant  anodizing  racks.  Manufactur¬ 
ing  concerns  that  have  had  extensive  experience 
in  fabricating  this  material  have  found  that  it  is 
only  slightly  more  difficult  to  handle  than  most  of 
the  other  structural  materials.  As  with  most 
structural  materials,  certain  procedures  must 
be  followed  to  produce  high-quality  end  items  from 
titanium.  However,  these  procedures  are  not 
difficult  or  unusual  and  follow  directly  from  a 
knowledge  of  the  metallurgical  behavior  of  the 
material.  The  philosophy  followed  in  presenting 
the  information  in  this  handbook  is  based  on  the 
principle  that  an  understanding  of  titanium 
metallurgy  and  adherence  to  the  metallurgical  laws 
applicable  to  titanium  are  basic  to  the  optimum 
processing  and  use  of  the  materials. 

About  30  titanium  alloys  are  commercially 
available  in  several  mill-product  forms.  However, 
only  about  10  of  these  compositions  are  used  in  the 
majority  of  titanium  structures.  About  90  percent 
of  these  applications  use  three  unalloyed  grades 
and  the  alloys  Ti-5Al-2.  5Sn,  Ti-6A1-4V,  Ti-8A1- 
lMo-lV,  Ti-6Al-6V-2Sn,  and  Ti-13V-llCr-3Al. 

By  far  the  most  used  of  the  alloys  is  Ti-6A1-4V. 
Unalloyed  titanium  and  Ti-5Al-2.  5Sn  alloy  also  are 
used  in  quantity.  F or  some  of  the  newer  engine 
applications  and  airframe  such  as  that  for  the 
superscnic  transport,  the  compositions,  Ti-6A1- 
2Sn-4Zr-2Mo,  Ti-4Al-3Mo-lV,  and  Ti-2.  25AI- 
115n->Zr-lMo-0.  2Si  are  gaining  popularity.  As 
the  titanium  industry  continues  to  mature  and  users 
grow  more  familiar  with  the  available  alloys , 
others  of  the  titanium  compositions  should  similar¬ 
ly  be  used  more  than  today. 


A  titanium-alloy  grade  for  a  particular 
application  can  be  selected  on  the  basis  of  several 
criteria,  but  factors  such  as  mill-product- form 
availability,  strength  level,  ductility  and  toughness 
levels,  mode  of  manufacture,  and  service  environ¬ 
mental  conditions  are  usually  considered.  Tabic 
1-0, 0-1  presents  some  of  the  salient  features  of 
the  principal  titanium- alloy  grades  and  may  serve, 
in  conjunction  with  data  found  elsewhere  through¬ 
out  this  handbook,  as  a  start  for  selection  of  an 
optimum  material. 

1-0.  1  TITANIUM  ORES 

Titanium  is  the  ninth  most  common  element 
in  the  earth's  crust  and  is  a  constituent  of  a  number 
of  common  minerals.  The  two  most  important  ores 
of  titanium  are  ilmenite  and  rutile.  Rutile,  essen¬ 
tially  TiO^,  is  less  often  found  in  concentrated  de¬ 
posits  and  is  less  commonly  used  to  produce  TiC>2 
products  than  ilmentite  (FeO-TiOg),  which  is  found 
in  massive  deposits  in  many  parts  cf  the  world. 
However,  rutile  is  the  chief  ore  for  metal  winning. 

The  known  deposits  of  rutile  and  ilmenite  indicate 
that  no  shortages  of  titanium  are  likely  to  be  due  to 
an  ore  shortage. 

1-0.2  EXTRACTIVE  METALLURGY 

Titanium  is  an  extremely  reactive  material, 
and  the  oxide  is  quite  stable.  Partial  reduction  of 
the  oxide  with  carbon  at  high  temperatures  is  pos¬ 
sible,  but  the  reaction  product  consists  of  either  a 
brittle  carbide,  a  carbonitride,  or  a  heavily  oxygen-, 
carbon-,  and  nitrogen- contaminated  metal.  In 
addition,  the  reactivity  of  titanium  is  so  great  that 
none  of  the  known  refractories  can  be  used  to  con¬ 
tain  molten  titanium.  As  a  result,  reduction  pro¬ 
cesses  involving  initial  production  of  the  tetrachloride 
from  titanium  dioxide  are  commonly  used.  The 
tetrachloride  is  relatively  easily  handled  and  puri¬ 
fied. 

Large-scale  production  of  titanium  metal  from 
rutile  involves  the  chlorination  of  the  ore  to  form 
TiCl^.  On  the  other  hand,  production  of  titanium 
from  ilmenite  ores  involves  either  smelting  of  the 
ore  to  produce  a  TiOj  slag,  acid  leaching  to  remove 
iron,  and  chlorination  to  produce  TiCl . ,  or  direct 
chlorination  of  the  ore  followed  by  purification  of 
the  crude  TiCl^  that  is  produced.  TiCl^  is  liquid 
at  room  temperature.  The  tetrachloride  is  then 
reduced  with  molten  magnesium  (or  sodium)  to 
produce  a  solid,  sponge-like  titanium  metal.  The 
residual  magnesium  and  magnesium  chloride  reaction 
product  are  removed  from  the  titanium  sponge  by 
distillation  and  leaching  processes. 

A  higher  purity  form  of  titanium  is  occasionally 
produced  by  thermal  decomposition  of  Til4-  This 
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Unalloyed 


T1-5A1-2.  5Sn 


T1-8A1-  IMo-  IV 


TI-6AI-4V 


T1-6A1-6V.  2Sn 


Ti-13V-llCr-3Al 


Not  harden  able 


Tl-4Al-3Mo-lV 


120 


130-135 


115 


Fair  to  good  Fair 


Excellent 


No 


Not  hardenable 


120-125  Fair 


Fair 


Not  hard  enable 


130  120 

Age  hardenable  to 
170  160 


Good 


Fair  to  good 


Yea 


Tl-2,  25Al-llSn-5Zr~ 
lMo-0.251 


150  140 

Age  hardenable  to 
U0  170 

1"5-I30  120-125 

Age  hardenable  to 
175  165 


145  130 

Age  hardenable  to 
U0  160 


Good 


Fair 


Poor 


Excellent  Fair  to 
to  lair  poor!*) 


Yos 


Yea 


Ti-(Al-2Sn-4Zr-2Mo  130 


120 


Fair  to  good 


Good 


125  MS 

Age  hardenable  to 
ISO  155 


Good 


Good 


Good 


Fair  to 
good 


Fair  to 
poor 


Yea 


No  Slightly 

hardenable 


Yea 
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atructurea,  bulkhead  forging  a 

Jet-engine  compreaeor  bladea, 
diace,  etc.  ,  landing-gear 
wheel#  and  atructurea, 
faetenere,  bracket*,  fitting#, 
pressure  bottles,  primary 
and  secondary  ahaet-atrlngcr 
atructurea,  frames,  fire¬ 
walls,  stiffeners,  guaaeta, 
and  ducts 

Fasteners  and  air- Intake 
control  track,  experimental 
structural  forgings 

Structural  forgings,  primary 
and  secondary  sheet- 
stringer  atructurea,  ekias, 
frames,  brackets,  fittings, 
fasteners,  tension-torsion 
rotor  straps,  and  specialty 


Jet-engine  compreaeor  blade*, 
discs,  wheels,  and  apacara, 
airframe,  fasteners 

Jet-engine  compressor  blades, 
discs,  wheels,  end  spacers, 
compreaeor  case  assemblies, 
airframe  skin  components 

Airframe  component* 


process  ie  more  expensive,  however,  and  is  not 
used  extensively.  Electrolytic  processes  using 
fused  salt  for  preparing  titanium  metal  have  also 
been  developed,  but  at  the  present  time  have  not 
been  used  commercially. 

Presently  available  commercial  citaniun  is 
of  quite  high  purity.  The  principal  impurity  ele¬ 
ments  are  the  interstitials,  oxygen,  carbon,  and 
nitrogen,  and  the  metallic  element  iron.  These 
elements  are  normally  present  in  the  following 
range: 

Oxygen  0. 05  to  0. 150  percent 

Carbon  0.01  to  0.03  percent 

Nitrogen  0.01  to  0.05  percent 

Iron  0.03  to  0.2  percent 

1-0.  3  PHYSICAL  METALLURGY 


in  alpha- titanium  alloy 8. )  However,  depending 
upon  the  method  of  treating  the  metal ,  alpha  titanium 
can  appear  in  several  modifications.  Three  different 
microstructures  of  fully  annealed  unalloyed  titanium 
are  shown  in  Figure  1-0.  3.  1-1;  equiaxed  alpha, 
Widmanstatten  alpha,  and  martensitic  alpha.  The 
latter  two  are  frequently  lumped  together  under 
the  name  acicular  alpha.  Widmanstatten  alpha  oc¬ 
curs  by  transformation  of  beta  to  alpha  on  cooling 
through  the  transformation  temperature  range  at 
a  moderately  slow  rate.  A  more  rapid  cooling 
rate  leads  to  the  development  of  martensitic  alpha. 
Both  forms  of  acicular  alpha  are  therefore  trans¬ 
formation  products.  Equiaxed  alpha,  on  the  other 
hand,  can  only  be  produced  by  recrystallization  of 
material  that  has  been  significantly  deformed  in  the 
alpha  field.  The  presence  of  acicular  alpha  is  there¬ 
fore  an  indication  that  the  material  has  been  heated 
into  the  beta  field. 


1-0.  3.  0  General  Remarks 

The  physical  metallurgy  of  titanium  is  not 
complex,  but  an  understanding  of  the  various 
facets  of  titanium  behavior  are  essential  to  the 
proper  use  of  this  material.  Unalloyed  titanium 
exists  in  two  crystallographic  modifications, 
depending  upon  temperature.  Below  1620  F, 
titanium  exhibits  a  close-packed  hexagonal  c  rystal 
structure  designated  as  alpha  titanium.  This 
type  of  crystal  structure  is  characterized  by 
directional  properties,  sensitivity  to  interstitial 
contamination,  and  gradual  lowering  of  ductility 
at  low  temperatures.  Above  1620  F,  titanium 
exhibits  a  body-centered  cubic  crystal  structure 
designated  as  beta  titanium.  This  type  of  structure 
exhibits  high  formability,  relatively  low  creep 
resistance  at  elevated  temperatures,  and  ductile- 
brittle  transition  behavior.  The  allotropic  be¬ 
havior  of  titanium  results  in  the  development  of 
a  variety  of  mtcrostructural  conditions  in  un¬ 
alloyed  titanium  and  is  the  basis  for  the  control 
of  microstructure  and  properties  in  titanium  alloys. 

The  extreme  reactivity  of  titanium  with  the 
interstitial  elements,  especially  hydrogen  and  oxy¬ 
gen,  and  with  chloride  ions,  is  the  second  impor¬ 
tant  factor  that  must  be  considered  in  handling  ti¬ 
tanium.  Most  problems  encountered  in  processing 
or  using  titanium  and  its  alloys  have  been  caused 
by  some  form  of  contamination.  The  elimination 
of  possible  sources  of  contamination  is  the  basic 
requirement  for  the  successful  use  of  titanium. 

1-0.  3.  1  Mic  ,-ostructural  Characteristics^1) 

The  body-centered  cubic  or  beta  form  of 
titanium  cannot  be  retained  to  low  temperatures  in 
unalloyed  titanium.  Therefore,  the  microstructure 
of  unalloyed  titanium  consists  essentially  of  100 
percent  close-packed  hexagonal  or  alpha  titanium. 
(Small  amounts  of  iron  - stabilized  beta  titanium 
are  frequently  observed  in  unalloyed  titanium  and 


Certain  alloying  additions  to  titanium  re¬ 
sult  in  increased  stability  of  the  beta  modification. 
Thus,  in  addition  to  the  all-alpha  microstructure, 
titanium  alloys  can  develop  microstructures  con¬ 
taining  both  alpha  and  beta,  or  even  all  beta. 

Figure  1-0.  3.  1-2  shows  two  alloys  with  an  alpha- 
beta  structure,  one  containing  equiaxed  alpha  and 
one  containing  acicular  alpha,  f;nd  one  alloy  showing 
an  all-beta  structure.  All-beta  structures  are 
usually  equiaxed  and  are  characterized  by  a  rel¬ 
atively  large  grain  size. 

Precipitate  phases  are  also  commonly  en¬ 
countered  in  titanium  alloys.  These  may  result 
,.iher  from  compound  phases  stabilized  by  one  of 
the  alloying  additions  or  impurity  phases,  or  from 
fine  alpha  rejection  by  an  unstable  beta  phase. 
Typical  examples  cire  shown  in  Figure  1-0.  3.  1-3. 

Knowledge  of  titanium  microstructures  is  of 
considerable  help  in  detecting  hydrogen  wr  air 
contamination  or  improper  heat  treatments.  For 
example,  hydrogen  contamination  often  appears 
as  randomly  distributed  needles  of  titanium  hy¬ 
dride  in  unalloyed  titanium  and  in  alpha  alloys. 

Air  contamination  can  produce  an  alpha  surface 
layer  on  alpha-beta  alloys.  The  morphology  of 
the  alpha  phase,  equiaxed  or  acicular,  present 
in  either  alpha  or  alpha-beta  alloys  indicates  de¬ 
gree  of  hating  into  the  alpha,  alpha- beta,  or  beta 
fields  during  the  processing.  The  shape  of  the 
alpha  phase  can  also  b.s  used  to  determine  the 
"Ktent  of  the  temperature  rise,  above  the  alpha- 
beta  or  beta  transus,  around  welds. 


1-0.  3.  2  Alloying  Behavior 
1-0.  3.  2.  0  General  Remarks 


The  microstructural  changes  brought  about 
in  titanium  by  alloyiug  are  the  basis  for  the  classi¬ 
fication  of  titanium  alloys  into  alpha,  alpha-beta, 
or  beta  groups.  W  Several  references  on  the 
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100X  N15088  300X  N32157 

a,  Equiaxed  Alpha  (Annealed  1  a.  Equiaxed  Alpha-Beta  Structuxe, 

Hour  at  1290  F)  Ti-6Al-4V 


100X  N15085  300X  N87048 

c.  Martensitic  Alpha  c.  Equiaxed  Beta  Strucutre,  Ti- 

13V-llCr-3Al 

FIGURE  1-0.  3. 1-1.  MICROSTRUCTURES  OF 

FULLY  ANNEALED  TITANIUM(l)  FIGURE  1-0.  3.1-2.  MICROSTRUCTURES  OF 

ANNEALED  TITANIUM  ALLOYS11 
(Reduced  approximately  25  percent  in  printing. )  CONTAINING  SOME  BETA  PHASE 


(Reduced  approximately  25  percent  in  printing. ) 


750X  6371 

b.  Alpha  Precipitation  in  Ti- 
llMo  Alloy 

FIGURE  1-0.  3.  1-3.  MICROSTRUCTURES  OF 
ANNEALED  TITANIUM  ALLOYS  CON¬ 
TAINING  COMFOUND  OR  PRECIPITATE 
PHASES*1  > 

(Reduced  approximately  25  percent  in  printing. ) 

alloying  behavior,  phase  relationships,  and  micro' 
•tructural  condition*  that  occur  a?  a  re* alt  of 
alloying  are  available.  *1-^  Those  addition*  that 
increase  the  beta-transus  temperature  or  that 
show  extensive  or  complete  solubility  in  alpha  ti¬ 
tanium  are  referred  to  as  alpha  stabilizers,  while 
those  that  decrease  the  beta  transus  are  referred 
to  as  beta  stabilizer*.  Beta- stabilizing  additions 
are  of  two  types,  beta  isomorphous,  in  which 
sufficient  alloying  stabilises  beta  to  room  tem¬ 
perature,  and  beta-eutectoid,  in  which  the  beta 
becomes  unstable  at  some  temperature  above 
room  temperature.  ,  In  many  cases,  alloys  of  the 
latter  type  can  be  heat  treated  to  retain  untrans¬ 
formed  beta  to  room  temperature. 


The  principal  alloying  additions  used  in 
alpha-titanium  alloys  are  aluminum,  oxygen,  tin, 
and  zirconium.  These  additions  can  be  alloyed  in 
titanium  to  develop  high-strength  alloys  having  all¬ 
alpha  structures.  Alpha  alloys  are  characterized 
by  good  strength,  creep  resistance,  weldability, 
and  toughness.  Oxygen,  however,  which  forms  an 
interstitial  solid  solution  in  alpha  titanium,  is 
damaging  to  toughness.  The  most  useful  addition 
is  aluminum,  which  can  be  added  in  amounts  up  to 
8  percent.  Larger  amounts  of  aluminum  result  in 
the  development  of  unstable  alloys  that  become  em¬ 
brittled  on  exposure  to  temperatures  of  800  to 
1100  F.  Embrittlement  is  the  result  of  a  phase 
change  in  the  Ti-Al  alloy  system.  The  exact  nature 
of  this  phase  change  is  not  understood  as  yet,  but 
it  apparently  involves  the  formation  of  an  ordered 
structure  quite  similar  in  lattice  dimension  to 
alpha. *^) 

1-0.  3.2,2  Beta  Stabilizers 

A  number  of  alloying  additions  act  as  beta 
stabilizers  in  titanium.  These  include  such  ad¬ 
ditions  as  manganese,  iron,  chromium,  vanadium, 
molybdenum,  and  columbium. 

Alpha-beta  alloys  normally  contain  sufficient 
alloying  additions  to  stabilize  from  10  to  50  percent 
beta  phase  to  room  temperature.  They  may  also 
contain  concurrent  additions  of  alpha-  soluble  ele¬ 
ments  such  as  aluminum  to  strengthen  the  alpha 
phase.  Alpha-beta  alloys  show  good  fabrication 
characteristics,  high  room- temperature  strength, 
and  moderate  elevated-temperature  strength. 

Unless  the  amount  of  beta  present  in  the  alloy  is 
small--about  20  percent  or  le*s--they  are  not 
weldable.  Since  the  beta  phase  of  alpha-beta  alloy* 
is  usually  unstable,  these  alloys  are  often  heat 
treated  to  obtain  precipitation  reactions  in  the  beta, 
resulting  in  high  strength  levels.  Exposure  at 
moderate  temperatures  (  800  F)  can  lead  to  em¬ 
brittlement  due  to  omega  formation  in  the  beta 
phase.  Omega  is  an  extremely  embrittling  tran¬ 
sition  phase  that  forms  on  low-temperature  pre¬ 
cipitation  of  alpha  from  an  unstable  beta. 

All-beta  titanium  alloys  generally  contain 
larje  amounts  of  one  or  more  of  the  beta  iaomorpbou* 
additions- -molybdenum,  columbium,  vanadium, 
and  tantalum.  Small  amounts  of  alpha  stabilizers 
may  also  be  used  concurrently  with  beta- stabilizing 
elements  as  in  alpha-beta  alloys.  These  alloys  can 
also  be  made  responsive  'to  age  hardening  by  proper 
balancing  of  alloying  additions  Beta  alloys  are  ex¬ 
tremely  formable,  and  are  also  weldable.  However , 
subsequent  beat  treatment  of  welded  beta  alloy  iti 
not  reliable,  since  base  metal  and  weld  metal 
strengthen  at  different  rates,  which  can  result  in 
the  embrittlement  of  the  weld  mutal. 
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1-0.  3.  3  Interstitial  Contamination 
1-0.  3.  3.  1  Oxygen  and  Nitrogen 

Both  oxygen  and  nitrogen  are  alpha  stabilizers 
and  show  extensive  solubility  in  alpha  titanium. 
Unfortunately,  they  tend  to  embrittle  titanium  when 
they  are  present  in  fairly  small  amounts.  Nitrogen 
is  generally  less  troublesome  than  oxygen  because 
it  is  absorbed  at  a  lower  rate.  Oxygen  contamin¬ 
ation  is  a  major  problem  in  all  operations  where 
titanium  or  its  alloys  are  heated  above  about  1200  F 
in  air.  The  rate  of  6cale  formation  on  titanium 
when  heated  in  air  at  1400  F  and  above  is  quite 
rapid.  However,  scale  is  readily  seen  and  can 
be  removed  without  undue  difficulty.  The  diffusion 
of  oxygen  into  the  metal  to  form  a  hard,  brittle 
surface  layer  is  more  difficult  to  detect  andean 
have  a  serious  effect  on  properties. 

Easily  removed  coatings  to  reduce  contam- 
inatioh  rates  in  air  have  been  developed.  Their 
use  can  significantly  retard  the  rate  of  contamin¬ 
ation  jeluring  heat  treatment  in  air.  The  use  of 
inert  »r  vacuum  preheating  or  heat  treating 
equipment  is  also  beneficial.  For  many  opera¬ 
tions,  however,  it  is  more  economical  to  handle 
the  part  in  air  and  to  remove  the  contaminated 
layer  after  processing  by  acid  pickling  or  other 
suitable  techniques. 

It  is  desirable  to  remove  any  contaminated 
surface  layer  prior  to  any  reheating  process  be¬ 
cause  exposure  to  temperature  results  in  its 
penetration  to  a  greater  depth. 

1-0.  3.  3.  2  Hydrogen^) 

Hydrogen  forms  a  beta-eutectoid  system 
with  titanium.  .The  diffusion  rate  of  hydrogen  in 
titanium  is  quite  rapid,  and  under  proper  con¬ 
ditions,  such  as  acid  pickling  or  exposure  to 
very  high-pressure  hydrogen,  hydrogen  con¬ 
tamination  can  occur  at  room  temperature.  Quite 
small  amounts  of  hydrogen,  as  low  as  150  to  200 
ppm  can  drastically  reduce  ductility  under  certain 
circumstances.  Alpha  and  alpha-beta  alloys  can 
fail  in  a  brittle  manner  at  stresses  well  below 
their  yield  strength  when  hydrogen  is  present. 
Residual  stresses  from  forming  or  assembly 
mismatch  have  been  found  adequate  to  initiate 
failure  in  such  contaminated  material. 

At  the  present  time,  hydrogen  is  maintained 
at  a  low  level  in  commercial  products  by  vacuum¬ 
melting  and  annealing  treatments.  A  hydrogen 
specification  on  incoming  material  is  used  to 
ensure  that  hydrogen  is  not  present  in  excessive 
amounts  in  material  supplied  to  the  user.  Current 
problems  with  hydrogen  contamination  appear  to 
arise  primarily  from  three  sources:  improper 
acid- pickling  treatments,  chem- milling,  and  at- 
temps  to  use  titanium  in  contact  with  hydrogen  at 


'.oo  high  a  temperature.  Care  should  be  used  to 
ensure  that  pickling  and  chem-milling  solutions  are 
properly  balanced  to  minimize  pickup.  If  pickup 
does  occur,  vacuum  annealing  should  be  considered 
as  a  method  of  salvaging  the  part. 

Hydrogen  can  be  removed  from  titanium  by 
vacuum  annealing  without  adverse  effects  resulting 
from  its  presence  if  the  level  of  contamination  was 
not  sufficiently  high  to  have  caused  cracking  during 
fabrication. 

1-0.4  PROCESS  METALLURGY 
1-0.  4.0  General  Remarks 

The  processing  of  titanium  sponge  to  a  use¬ 
ful  fabricated  shape  must  be  carried  out  so  as  to 
avoid  contamination  of  the  metal  or  alloy.  Titani¬ 
um  reacts  readily  at  elevated  temperatures  with  the 
constituents  of  air,  and  forms  heavy  oxide  and 
nitride  scales  at  temperatures  above  about  1200  F. 
Unfortunately,  both  oxygen  and  nitrogen  dissolve 
readily  in  titanium  metal,  and  their  presence  is 
damaging  to  the  properties  of  the  fabricated  pro¬ 
duct.  Oxygen  is  more  reactive  than  nitrogen,  and 
also  diffuses  into  the  metal  or  alloy  more  rapidly. 
Therefore,  oxygen  contamination  is  the  most  seri¬ 
ous  problem  in  processing  titanium.  Once  it  is 
present  in  solution  in  the  metal  or  alloy,  oxygen 
cannot  be  eliminated  except  by  removing  the 
contaminated  metal  layer.  Hydrogen  also  readily 
dissolves  in  titanium,  and  is  damaging  to  pro¬ 
perties.  It  can  be  removed  by  vacuum  treatment, 
however.  Although  hydrogen  is  produced  by 
reaction  of  titanium  with  water  vapor  at  elevated 
temperature,  the  oxide  scale  that  forms  on  titanium 
as  a  product  of  the  reaction  retards  hydrogen  ab¬ 
sorption. 

1-0.  4.1  Melting  and  Cas  ig 

The  production  of  titanium  ingots  from  sponge 
titanium  is  accomplished  by  consumable-electrode 
arc  melting  into  a  water  -  or  liquid- metal- cooled 
metallic  crucible.  Melting  is  accomplished  in 
vacuum  or  under  a  low  partial  pressure  of  inert 
gas  sudi  as  argon  or  helium.  The  reactivity  of 
titanium  with  all  potential  crucible  materials  makes 
most  other  conventional  melting  processes  useless 
in  melting  titanium  and  its  alloys. 

Double  melting  is  usually  employed  to  insure 
homogeneity.  The  use  of  vacuum  melting  for  the 
production  of  ingots  has  the  advantage  of  largely 
eliminating  hydrogen  and  magnesium  impurities 
present  in  the  sponge.  As  a  result,  consumable- 
electrode  vacuum-melted  ingots  are  normally  of 
higher  purity  with  respect  to  hydrogen  and  MgCl^ 
than  the  sponge  metal  used  in  preparing  the  electrodes. 
Alloying  is  accomplished  by  incorporating  tbs  desired 
alloying  additions  into  the  pressed  electrode  shape 
either  as  pure- metal  additions  or  as  master  alloys. 
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Titanium  ingots  as  large  as  9500  pounds  are 
currently  made  by  the  consumable- electrode 
process. 

Titanium  is  not  used  extensively  in  the  cast 
form,  but  castings  up  through  200  pounds  can  be 
made  by  patented  processes  that  involve  melting 
so  as  to  form  a  titanium  liner  or  skull  in  the 
crucible  and  casting  into  rammed  graphite  or 
shell  molds.  The  latter  yields  a  precision- cast 
product  that  i6  finding  use  in  current  aircraft 
gas-turbine  engines. 

1-0.  4.  2  Ingot  Forging 

Titanium  ingots  are  machined  to  remove  sur¬ 
face  defects  present  on  the  ingot  prior  to  fab¬ 
rication.  Most  breakdown  fabrication  is  done  by 
press  forging  at  temperatures  of  1800  to  2200  F. 
Heating  can  be  accomplished  in  an  air  furnace 
maintained  with  a  slightly  oxidizing  atmosphere  to 
m:.nimize  hydrogen  absorption.  During  forging, 
coatings  are  applied  to  avoid  excessive  oxidation, 
but  a  heavy  scale  is  still  formed  on  the  billet  sur¬ 
face.  This  scale,  and  the  oxygen- contaminated 
metal  beneath  the  scale,  are  removed  after  forging 
by  sand  blasting  and  surface  grinding.  The  heating 
time  during  forging  is  kept  as  short  as  possible  to 
minimize  the  depth  of  the  contaminated  layer. 

A  considerable  portion  of  titanium  mill 
products  are  furnished  as  forged  bar  or  billet 
for  subsequent  machining,  die  forging,  or  other 
fabrication. 

1-0.  4.  3  Rolling 

Titanium  and  titanium  alloys  are  reduced  to 
plate  or  sheet  by  hot  rolling  in  most  eases.  Forged 
billets  are  normally  used  as  the  starting  material. 
Rolling  is  done  between  about  1500  and  1800  F. 
Heating  is  done  in  air  furnaces  or  argon  furnaces. 
Pack  rolling  in  steel  cans  is  often  used  to  obtain 
the  thinner  sheets.  Surfaces  are  cleaned  of 
parting  compound,  oxide,  and  contamination  after 
rolling  by  combinations  of  grinding,  grit  blasting, 
?ind  acid  pickling,  depending  on  thickness. 

Because  of  contamination  problems,  thin 
sheet  is  usually  cold  rolled  to  final  thickness. 

The  high  strength  of  titanium  from  room  temper¬ 
ature  to  800  F  makes  gage  control  during  cold 
rolling  extremely  difficult.  Senzimir  mills  are 
usually  required  for  the  rolling  of  sheet  to  less 
than  20  mils  thickness.  Annealing  of  tHn  sheet 
must  be  in  vacuum  or  inert  atmosphere  to  prevent 
conV.amina.tion ,  oven  though  the  annealing  temper¬ 
ature  is  usually  less  than  1600  F. 

1-0.  4.4  Extrusion^7) 


extrusion  in  horizontal  hydraulic  presses.  The 
billet  is  contained  in  a  ci  cular  chamber  and  forced 
through  an  open  die  located  at  one  end  of  the  chamber. 
The  movement  of  metal  in  passing  through  the  die 
cavity  is  in  the  direction  of  ram  movement. 

The  major  differences  in  processing  center 
around  such  variables  as  extrusion  lubricants, 
billet  heating,  die  materials  and  design,  and 
extrusion  speed.  To  facilitate  rapid  extrusion  with 
the  least  possible  force,  the  general  practice  has 
been  to  extrude  at  the  highest  temperature  consistent 
with  good  mechanical  properties.  For  commercially 
pure  titanium,  temperatures  as  high  as  1900  F-- 
well  into  the  beta-phase  region--have  no  serious 
effect  on  mechanical  properties.  In  practice,  how¬ 
ever  ,  it  has  proved  practical  to  extrude  at  tem¬ 
peratures  in  the  vicinity  of  1700  F. 

For  titanium  alloys,  temperature  is  more 
critical  because  of  the  possible  effects  of  beta 
transformation  on  the  mechanical  properties. 
Alpha-beta  alloys  generally  suffer  a  loss  of  duc¬ 
tility  when  heated  in  the  beta-phase  region.  In 
some  instances,  annealing  or  heat  treating  will 
restore  sufficient  ductility  to  the  alloy  for  certain 
applications  requiring  lower  strength.  Similarly, 
optimum  mechanical  properties  are  attained  in 
alpha  alloys  such  as  the  commercial  Ti-5Al-2.  5Sn 
alloy  by  extruding  at  temperatures  below  the  beta 
transua 

1-0.  4.  4.1  Lubrication 

Two  basic  types  of  lubricants  are  used  for 
extruding  titanium:  (1)  greases  containing  solid- 
film  lubricants  such  as  graphite  and  (2)  glass. 

Metallic  copper  coatings  are  also  used  by  some 
extruders.  Because  of  the  severe  galling  char¬ 
acteristics  of  titanium,  lubrication  is  particularly 
important,  is  probably  the  most  difficult  problem, 
and  represents  the  major  differences  in  practice 
employed  by  titanium  extruders. 

Ineffective  lubrication  not  only  causes  titanium 
pickup  on  the  die,  but  also  excessive  die  wear,  with 
an  accompanying  loss  of  dimensional  tolerance. 

Either  of  these  conditions  can  produce  deep  scoring 
and  tearing  of  the  surface. 

1-0.  4.  4.  2  Heating 

It  is  necessary  to  maintain  titanium  billets 
as  nearly  scale- free  as  possible  during  heating: 
Various  means  have  been  employed  for  heating 
billets--8alt  bath,  induction,  and  argon-atmosphere 
furnaces.  Best  results  have  been  obtained  in  the 
muffle  furnace  under  an  argon  atmosphere.  The 
use  of  low-frequency  induction  heating  in  an  inert 
atmosph^.  e  has  also  been  successful. 


The  basic  extrusion  process  employed  for 
the  production  of  long  titanium  sections  is  forward 
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1-0.  4.4.  3  Die  Life 


1-0.  4.  5  Die  Forging 


Die  Life  is  a  function  of  the  geometry  of  the 
shape  and  the  grade  of  titanium  extruded.  For  a 
given  shape,  die  life  will  be  substantially  longer 
in  extruding  a  relatively  soft  metal  such  as  un¬ 
alloyed  titanium  than  for  a  higher  strength  alloy 
grade  such  as  Ti-6A1-4V.  Using  glass  lubricant, 
die  life  has  varied  from  1  to  20  extrusions  per  die. 

1-0.  4.  4.  4  Extrusion  Speed 

High  extrusion  speeds  are  preferrr  ’hether 
grease  or  glass  is  used  a6  the  lubricant.  As 
grease  lubricants  offer  little  protection  from  the 
high  extrusion  temperatures,  the  hot  billet  should 
be  in  contact  with  the  die  for  as  short  a  time  as 
possible.  With  glass  acting  as  an  insulator  bet¬ 
ween  billet  and  tools,  these  problems  are  not 
severe.  However,  the  basic  principle  of  glass 
lubrication- -glass  in  a  state  of  incipient  fusio:. 
flowing  continuously  from  a  reservoir-- requires 
high  extrusion  speeds. 

The  actual  ram  speed  attains'  .ng  ex¬ 

trusion  varies  with  alloy  composi*..  ,  extrusion 
temperature,  and  extrusion  ratio,  but  is  generally 
in  the  range  of  ZOO  to  300  inch  per  minute. 

1-0.  4.  4.  5  Finishing 

The  methods  of  processing  after  extrusion 
have  differed  considerably  among  various  com¬ 
panies.  Straightening  and  dctwisting  are  almost 
universal  requirements  for  structural  shapes, 
whether  they  be  for  airframes,  engines,  or  any 
other  application.  Hydraulic  torsional  stretchers 
are  usually  employed,  although  some  companies 
use  roll  or  punch  straightening  machines. 

Commercially  pure  titanium  can  be  straight¬ 
ened  either  cold  or  hot  with  little  difficulty, 
according  to  most  extruders.  Commercial  alloys, 
however,  are  extremely  difficult  to  cold  straighten 
because  of  their  high  yield  strengths  and  par¬ 
ticularly,  because  of  springback.  It  has  usually 
been  necessary  to  straighten  at  temperatures  of 
about  700  to  1000  F.  Warm- redrawing  techniques 
in  this  temperature  range  also  are  being  developed 

Before  further  processing,  the  glass  ad¬ 
hering  to  the  surface  of  shapes  extruded  by  the 
glass  process  must  be  removed  by  quenching  the 
hot  extrusions,  pickling,  or  shot  blasting.  There¬ 
fore,  reheating  is  generally  necessary  before 
straightening  and  detwi  sting. 

Contaminated  surface  scale  is  usually  re¬ 
moved  after  extrusion  by  vapor  blasting  and 
pickling. 


Compositions  and  selected  forging  char¬ 
acteristics  of  several  titanium  alloys  used  for 
forgings  are  presented  in  Table  1  0.4.  5-1'  . 

Initial  breakdown  forging  of  titanium  alloy 
ingots  is  usually  done  at  temperatures  above  the 
beta,  transus  because  the  body-centered  cubic 
structure  is  more  ductile  and  forging-pressure 
requirements  are  generally  lower.  Final  forging 
is  usually  done  at  temperatures  below  the  beta 
transus  to  achieve  the  structure  having  optimum 
properties  and  to  prevent  excessive  beta-grain 
growth  and  attendent  low  ductility. 


Variations  in  strain  rate  have  little  influence 
on  the  forgeability  of  alpha  and  alpha-beta  alloys; 
both  alloy  types  are  readily  forgeable  in  either 
presses  or  hammers.  The  Ti-  13V- llCr-3Al  beta 
alloy  also  exhibits  good  forgeability  on  both  presses 
and  hammers  when  forged  above  1400  F.  However, 
since  titanium  alloys  exhibit  rapidly  increasing 
strengths  with  increasing  strain  rate,  more  energy 
is  required  for  hammer  forging  than  for  press 
forging  at  comparable  temperatures.  The  Ti-13V- 
llCr-3Al  alloy  forged  t  1450  F  for  example,  re¬ 
quires  nearly  50  pert  :..c  more  energy  at  a  typical 
hammer  velocity  of  ZOO  inches  per  second  than  at 
a  typical  press  velocity  of  1.  5  inches  per  second. 

For  equal  reductions  during  1800  F  hammer  forg-  , 

ing,  the  energy  required  to  deform  Ti-13V-llCr-  \ _ / 

3A1  is  about  twice  that  for  AISI  4340  steel. 


Forging  pressures  for  each  of  the  three  types 
of  titanium  alloys  increase  more  rapidly  with 
decreasing  temperature  than  does  that  of  low- 
alloy  steels,  'liras,  in  ordinary  die- forging  oper¬ 
ations,  cooling  the  workpiece  has  a  more  critical 
effect  on  raising  forging  pressures  of  titanium  than 
of  steels. 


There  are  a  number  of  factors  that  make 
titanium  alloys  more  difficult  to  forge  than  steels. 
The  metallurgical  behav.or  of  the  alloys  not  only 
imposes  certain  conti  ole  and  limitations  on  the 
forging  operation  but  -nfluences  all  of  the  steps 
in  manufacturing  forged  parts.  Particular  care  is 
necessary  throughout  the  processing  cycle  to  avoid 
contamination  by  oxygen  and/or  hydrogen,  which 
can  severely  impair  the  properties  and  over-all 
Quality  of  a  forged  part. 


Heating  is  generally  done  in  an  oxidizing  at¬ 
mosphere  to  minimize  hydrogen  pickup.  Inert- 
gas  atmospheres  may  be  used  for  parts  having  ex¬ 
tremely  thin  sections.  Contaminated  surface 
layers  are  generally  removed  by  a  3%HF-30%HNOj 
pickle.  Hydrogen  can  be  removed  only  by  vacuum 
annealing. 


The  hard  surface  scale  formed  on  titanium 
is  very  abrasive,  and  care  must  be  taken  to  provide 
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TABLE  1-0.4.  5-1. 


FORGING  CHARACTERISTICS  OF  TITANIUM  ALLOYS  COMMONLY  USED  FOR  DIE 
FORGINGS'8' 


Composition 
(Balance  Ti) ,  % 

Alloy 

Type 

Approximate 
Beta-Transus 
Temperature ,  F 

Forging,  Temp,  F 
Breakdown  Die 

Forging  Forging 

Relative  Pressure 
Requirements  for 
Press  Fcrging 

Unalloyed  Ti 

Alpha 

1650 

1700-2000 

1550-1700 

0.  6 

Ti-  5A1-2.  5Sn 

Alpha 

1900 

1700-2000 

1775-1850 

1.  0 

Ti-8A1-  IMo-  IV 

Alpha 

1900 

1700-2000 

1775-1850 

1.  1 

Ti-6A1-4V 

Alpha- beta 

1810 

1800-2000 

1650-1800 

1.0 

Ti-  6Al-6V-2Sn- 

Alpha- beta 

1735 

1725 

1575-1625 

1.  1 

l(Fe,  Cu) 

T:-13V-llCr-  3A1 

Metastable  beta 

1325 

1600- 1900 

1600-1800 

1.4 

Ti-2.  25A1-  IlSn-5Zr 

Alpha- beta 

1730 

1825 

Below  1675 

1.  1 

lMo-0.  2Si 

Ti-6Al-2Sn-4Zr- 

Alpha- beta 

1820 

_ 

Below  1775 

1.  1 

2Mo 

adequate  lubrication  during  forging  to  minimize 
die  wear  as  well  as  to  provide  lubrication. 

Because  ot  the  low  elastic  modulus  and 
relatively  high  strength  of  titanium  alloys,  ferg- 
ings  are  difficult  to  cold  straighten  either  by 
coining  or  .reverse  bending.  Such  operations  are 
usually  dcine  at  temperatures  between  700  and 
1000  F.  At  times,  it  is  helpful  to  maintain  a 
straightening  load  on  a  forging  for  a  few  seconds 
to  take  advantage  of  "creep".  This  technique 
is  especially  useful  for  removing  large  warpages. 
Creep- resistant  alloys  (n.  g.  ,  Ti-5Al-2.  5Sn,  Ti- 
8AI-IM0-IV)  require  straightening  temperatures 
upwards  of  1000  F,  especially  if  straightening 
requirements  are  severe.  Forgings  having 
severely  contaminated  surfaces  are  apt  to  crack 
during  straightening.  Hence,  contamination 
should  be  removed  beforehand. 

Detailed  considerations  of  the  forgeability 
and  metallurgical  behavior  of  titanium  are.  avail¬ 
able  in  DM1C  Report  141^)  and  aSD  TR 
876. 

1-0.  4.  6  Forming 

The  combination  of  high  yield  strength  and 
low  modulus  of  titanium  and  its  alloys  lead  3  to 
large  amounts  of  springback  during  forming 
operations.  Hot  sizing  is  generally  required  to 
produce  dose-tolerance  parts.  The  uniform 
elongation  of  titanium  reaches  a  maximum  in  the 
vidnity  of  500  F.  Difficult  forming  operations 
are  generally  more  successful  if  earned  out 
with  moderate  heating.  Care  must  be  tatter, 
during  forming  operations  to  avoid  contamination 
of  the  sheet  surface  with  excessive  oxidation 
or  aources  of  chloride  ions  (masking  tape ,  chloride 
cleaners ,  some  marking  pencils),  or  with  finger¬ 
prints,  since  these  can  result  in  stress- corrosion 


failures  during  stress- relief  annealing  or  hot 
sizing.  Oxidation  products  are  usually  cleaned 
off  finish-formed  parts  by  one  of  several  pro¬ 
cesses.  Detailed  information  on  titanium  forming 
operations  is  given  in  3. 

1-0.4.  7  Machining 

Titanium  is  similar  to  austenitic  stainless 
steels  in  its  machining  behavior.  Excellent 
machined  surfaces  are  usually  obtained. 

Because  of  the  lack  of  metal  buildup  ahead 
of  the  tool  and  the  high  shear  angle  characteristic 
of  titanium,  tool  wear  rates  tend  to  be  high,  and 
high  tool  temperatures  are  commonly  encountered. 
These  factors,  combined  with  titanium’s  extreme 
reactivity  with  air  at  higher  temperatures  and 
its  marked  galling  tendencies, .tend  to  make  cutt¬ 
ing  reasonably  difficult:  Machining  is  facilitated 
by  procedure's  designed  to  minimiee  tool-tip 
-temperatures  such  as  low  cutting  speeds,  heavy 
feeds ,  and  heayy  use  of  coolants.  Machines  for 
machining  titanium  must  be  rigid,  and  tools  must 
be  kept  sharp.  Recommended  machining  procedures 
for  titanium  and  titanium  alloys  are  described  in 
Section  3  of  this  handbook. 

Chem-milling  is  frequently  used  to  remove 
metal  in  the  preparation  of  titanium  parts.  It  is 
important  to  control  this  process  carefully  to  avoid 
excessive  hydrogen  contamination.  If  excessive 
hydrogen  is  absorbed  during  chem-milling,  vacuum 
annealing  can  be  used  to  reduce  the  hydrogen  content 
to  an  acceptable  level. 

1-0.  4.8  Joining^  ^ 

Unalloyed  titanium  and  alpha- titanium  alloy  a 
are  readily  joined  by  welding.  AJ1  welding  processes 
commonly  used  to  join  metals  are  applicable  to  ti¬ 
tanium,  including  arc,  spot,  seam,  Hash,  and 


I 


1 


/ 
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pressure  welding.  However,  protection  oC  the 
molten  metal  pool  from  a.mospheric  contamination 
is  essential  during  the  arc  welding  of  titanium. 
Ii.ert-gas  shielding  is  used  extensively.  Pickup  of 
>xgyen,  nitrogen,  or  hydrogen  during  welding 
leads  to  weld  embrittlement.  Care  must  also  be 
taken  to  avoid  salt  corrosion  failures  during  stress- 
relief  treatments  of  weldments  by  avoiding  finger 
prmts  chloride  compounds  f:om  cleaning  agents, 
and  from  marking  crayons,  ere.  The  ductility  of 
properly  protected  welds  is  qual  to  that  of  the 
base  metal.  Alpha-beta  alloys  containing  more  than 
about  .  percent  (by  voi._:o’;  beta  are  difficult  to 
weld  without  weld  embrittlement.  Beta  alloys  may 
be  welded  satisfacr  -ily ,  out  weld  embrittlement 
is  a  p’-oblem  during  subsequent  aging  of 
precipitation-hardening  alloys.  Weld;  ig  of  titani¬ 
um  to  c  er  materials  generally  results  in  em- 
brittlerr.  nt  due  to  the  formation  of  intermetallics. 

itanium  alloys  are  readily  joined  by  pres¬ 
sure  welding  using  either  gas- pressure  bonding  or 
roll- welding  methods.  Pressure  welding  of 
titanium  is  facilitated  by  the  high  solubility  of 
surface  oxides  in  the  metal  at  elevated  tem¬ 
peratures. 

The  joining  of  titanium  is  described  in  de¬ 
tail  in  another  section  of  this  handbook. 

1-0.4.  9  Heat  Treatment^*^ 


Titanium  and  its  alloys  are  normally  heat 
treated  after  fabrication  to  control  the  amount  of 
residua'  ress  or  to  produce  age  hardening. 
Stress-  •  jief  annealing  is  conducted  at  temper¬ 
atures  ranging  from  1050  F  for  unalloyed  titanium 
to  1400  F  for  highly  alloyed  alpha  alloys.  Re- 
crystatlization  annealing  treatments  range  from 
1200  to  1600  F.  Al’hough  precipitation-hardening 
treatments  are  normally  conducted  at  low  tem¬ 
peratures,  60C  to  1100  F,  the  desired  solution 
heat  treatment  temperature  may  be  high  as  1750  F. 

Contamination  during  heat  treatment  in¬ 
creases  rapidly  with  increased  temperature,  and 
treatments  above  1200  F  in  air  result  in  heavy 
seal'*  formation.  Hign  temperature  treatments 
must  be  carried  out  in  vacuum  or  witn  inert  gas 
protection  unless  subsequent  removal  of  the  3cale 
formed  at  high  temperatures  is  possible.  At  lower 
temperatures,  heat  treatment  in  air  is  feasible  if 
fo)’-,w>.d  by  removal  of  the  thin,  coutaminated 
surface  liyer.  Heat  treatment  in  air  furnaces 
should  1c  conducted  with  slightly  oxidizing  atmos- 
ohere  :  to  avoid  hydrogen  pickup. 

Since  diffusion  of  oxygen  into  the  metal  is 
rapid  at  elevated  temperatures,  any  scale  or  sur¬ 
face  conta  -nir.ation  present  on  the  fabricated  part 
should  be  removed  before  beat  treatment. 

Vacuum-annealing  treatments  are  used  to 
remove  hydrogen  when  contamination  from  this 
element  is  present.  Hydrogen  removal  prefer¬ 
ably  should  be  carried  cut  above  1200  F. 


1-0.5  CORROSION  BEHAVIOR 


1-0.  5.  0  General 

Titanium  is  inherently  a  reactive  metal,  so 
that  whenever  it  is  exposed  to  air’or  other  environ¬ 
ments  containing  available  oxygen  a  thin  surface 
film  of  oxide  is  formed.  It  is  to  this  film  that  ti¬ 
tanium  owes  its  excellent  corrosion  resistance. 


The  most  protective  film-;  on  titanium  are 
usually  developed  when  water,  even  in  trace 
amounts,  is  present  in  the  environment.  For  ex¬ 
ample,  if  titanium  and  its  alloys  are  exposed  to 
some  strongly  oxidizing  environments  in  the  absence 
of  mositure,  the  film  that  is  formed  is  not  pro¬ 
tective,  and  rapid  oxidation,  Oxten  pyrophoric  in 
nature,  may  take  place. 


Examples  of  such  reactions  that  may  be 
initiated  at  room  temperature  or  slightly  above 
are  (1)  titanium  and  ury  chlo.ine^^'  and  (2)  ti¬ 
tanium  and  drv  fuming  nitric  acid. 


1-0.  5.  1  Chemu  al  Environments 


Titanium  and  its  alloys  corrode  rapidly  in 
environments  that  cause  breakdown  of  the  protec¬ 
tive  films.  Of  most  importance  are  such  reagents 
as  hydrofluoric,  hydrochloric,  sulfuric,  phosphoric, 
oxalic,  and  formic  acids.  However,  attack  by  a’l 
these  media  except  hydrofluoric  acid  can  be  re¬ 
duced  in  many  instances  by  the  addition  of  acid 
salts,  oxidizing  acids,  ?:»d  other  suitable  inhibitors. 
D*y  chlorine  also  attacks  titanium,  but  it  is  quite 
resistant  in  wet  chlorine  (1%  moisture)  and  other 
oxidizing  gases,  such  as  SO2  and  CO2. 

Titanium  has  excellent  corrosion  resistance 
to  all  concentrations  of  nitric  acid  up  to  350  F. 

Even  at  550  F  the  rate  of  attack  in  20%  HNO^  is 
only  12  mils/yr.  An  anomaly  exists,  however,  at 
375  F,  in  that  corrosion  rates  as  high  as  100  mils/y 
are  reported  at  concentrations  above  20  percent 
HNO3'1  .  Caution  should  be  exercised,  however, 
when  titanium  alloys  are  used  in  anhydrous  fuming 
HNOj  because  the  reaction  can  be  pyrophoric.  The 
resistance  of  titanium  to  chromic  acid  is  good, 
as  is  its  resistance  to  aqua  regia  (3HC1’  IHNO3). 

For  mixtures  of  sulfuric  and  nitric  acids,  corro¬ 
sion  rates  increase  with  increasing  H2SO4  con¬ 
centration. 

T!tanium,  like  a  number  of  other  metals,  has 
good  resistance  to  dilute  solutions  of  alkali.  Hot, 
strong,  caustic  solutions  will  attack  unalloyed 
titanium  and  titanium  alloys.  On  the  other  hand, 
there  i»  no  evidence  to  suggest  that  titanium  alloys 
are  susceptible  to  caustic  embrittlement  ,1  are 
carbon  steels  and  stainless  steels. 
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Titanium  is  superior  to  stainless  steels 
in  its  resistance  to  conosion  and  pitting  in  mar¬ 
ine  environments  and  most  neutral  chloride  solu¬ 
tions.  The  main  exceptions  are  boiling  solutions 
of  aluminum  chloride,  stannic  chloride,  cupric 
chloride,  zinc  chloride,  magnesium  chloride, 
and  calcium  chloride,  which  will  cause  pitting  of 
titanium  alloys.  In  addition,  at  temperatures 
above  about  200  F,  titanium  may  evince  crevice 
corrosion  in  sea  water  and  bromine.  On  the  other 
hand,  titanium  is  not  attacked  by  the  highly  corro¬ 
sive  ferric  chloride  and  sodium  hypochlorite  solu¬ 
tions,  under  conditions  too  severe  for  stainless 
steels. 

Pure  hydrocarbons  are  not  considered 
corrosive  to  most  metals,  including  titanium. 

In  addition,  titanium  exhibits  good  corrosion 
behavior  in  most  chlorinated  and  fluorinated 
hydrocarbons,  and  other  similar  compounds  used 
as  hydraulic  and/or  heat-exchange  fluids.  It 
should  be  pointed  out,  however,  that  such  ma¬ 
terials  may  hydrolyze  in  the  presence  of  water, 
forming  HF  or  HC1,  which  in  turn  may  attack 
titanium.  In  addition,  at  elevated  temperatures, 
these  hydrocarbons  may  decompose,  liberating 
hydrogen,  a  portion  of  which  may  be  absorbed 
by  the  titanium,  resulting  in  loss  of  ductility, 
or  chlorides  may  be  released  that  can  initiate 
elevated-temperature  stress-corrosion  cracking. 

Tiatnium  is  not  recommended  for  use  in 
gaseous  or  liquid  oxygen  since  a  violent  reaction 
can  occur.  When  a  fresh  titanium  surface 
such  as  a  crack  or  fracture  is  exposed  to  gaseous 
oxygen,  even  at  -250  F  and  at  a  pressure  of  about 
50  to  100  psi,  burning  can  begin.  Once  the  reaction 
starts,  the  oxide  formed  is  not  protective,  as  it 
is,  for  example,  with  stainless  steel.  In  liquid 
oxygen,  titanium  is  impact  sensitive  at  levels 
below  those  of  mahy  organics.  Titanium  and 
its  alloys  also  exhibit  pyrophoric  reactions  under 
impact  in  chlorine  trifluoride,  liquid  fluorine,  and 
nitrogen  tetroxide.  However,  only  in  the  case  of 
liquid  and  gaseous  oxygen  has  the  reaction  been 
found  to  propagate  once  it  was  initiated. 


1-0.  5.  2  Special  Forms  of  Corrosion 


1-0.  5.  2,  1  Stress- Corrosion  Cracking 
Temperature 


Ambient 


Stress-corrosion  cracking  can  be  defined 
?sa  form  of  localized  failure  that  is  more  severe 
.  the  combined  action  of  static  tensile  stresses 
anu  .orroaion  that  would  be  expected  from  the  sum 
of  the  individual  effects  of  stress  and  corrosion 
acting  along.  It  is  characterized  by  a  brittle- 
type  fracture  occurring  in  an  otherwise  ductile 
material.  The  surface  direction  of  the  cracks  is 
perpendicular  to  the  direction  of  the  stress  load. 
Cracking  may  be  either  intergranular  or  trans- 
granular,  depending  on  the  alloy,  the  structure, 
and  the  environment.  In  general,  stress-corrosion 
cracking  of  titanium  alloys  is  intergranular. 


Commercially  pure  titanium  has  not  been 
found  to  fail  by  stress- corrosion  cracking  in  any 
media  except  fuming  HNGj  or  rnethanol  containing 
HC1,  H2SO4,  or  Br.  However,  under  "plane 
strain"  conditions,  unalloyed  titanium  containing 
high  oxygen  levels  will  exhibit  rapid  crack  propaga¬ 
tion  in  seawater  at  low  stre  o  levels.  This  pheno¬ 
menon  is  though  by  many  to  be  akin  to  stress  cor¬ 
rosion  cracking.  The  common  agueous  stress- 
corrosion  test  solutions  do  not  have  any  effect  on 
titanium  alloys  under  normal  conditions.  How¬ 
ever  recent  tests  have  disclosed  that  titanium 
alloy 8  under  exposure  conditions  c>f  ambient  tem¬ 
perature,  aqueous  media,  and  in  a  state  of  stress 
that  produces  a  virgin  metal  surface  (a  fresh  crack), 
will  show  property  deterioration.  In  particular, 
it  has  been  found  that  some  common  aqueous  stress- 
corrosion  solutions  (distilled  water,  tap  wc.‘er, 

3.  5%  NaCl  solution)  affect  the  fatigue  life  of  sharp- 
notch  test  specimens  (at  high  stress  levels)  and 
cause  reduced  stress  rupture  life  in  fatigue-cracked 
tension  and  bend  specimens.  In  the  latter  case, 
cracking -propagates  very  rapidly  from  the  in¬ 
finitely  sharp  fatigue- induced  notch  in  a  direction 
normal  to  the  direction  of  the  tension  stress.  A 
fresh  titanium  surface  »s  continually  being  exposed 
to  the  test  medium  in  this  type  of  test.  Under  these 
conditions,  it  appears  that  the  titanium  materials, 
as  well  as  some  other  structural  materials  tested, 
undergo  a  stress-corrosion  type  of  deterioration. 

The  same  effect  was  observed  in  steels^*®'  *9) 
and  was  commonly  used  to  sp^ed  up  crack  develop¬ 
ment  in  the  preparation  of  fatigue-precracked 
fracture-toughness  specimens.^®)  While  the 
practical  limitations  imposed  by  this  ambient- 
temperature  reaction  are  presently  unknown,  it  is 
entirely  clear  that  titanium  alloys  are  not  immune 
from  such  reactions,  as  was  previously  believed. 

The  susceptibility  of  precracked  titanium 
alloys  to  stress-corrosion  cracking  in  salt  water 
appears  to  be  affected  by  the  aluminum  and  tin 
content  and  isomorphous  beta  stabilizers.  The  data 
indicate  that  the  susceptibility  occurs  with  higher 
aluminum  or  aluminum-tin  contents.  A  notable 
exception  to- this  general  trend  is  the  susceptibility 
of  the  Ti-8Mn  3lloy.  The  pr-sence  of  isomorphous 
beta- stabilizers- -molybdenum,  vanadium,  and 
columbium- -tends  to  reduce  the  sensitivity  of  ti- 
fnium  alloys.  Titanium  alloys  containing  5  to 
7  percent  aluminum  plus  1  to  4  percent  vanadium 
and/or  molybdenum  were  found  to  be  insensitive. 
The  addition  of  molybdenum  to  Ti-  7Al-2Cb-  ITa  or 
Ti-7Al-3Cb  tended  to  reduce  their  susceptibility 
to  cracking,  and  the  addition  of  molybdenum  is 
currently  being  considered  as  a  compositional 
improvement  for  certain  alloys  in  order  to  reduce 
their  cracking  potential  in  salt  water. 

Alloys  that  have  shown  some  degree  of 
susceptibility  to  rapid  crack  propagation  in  salt 
water  are  listed  below,  but  not  necessarily  in 
order  of  susceptibility:^^ 

Unalloyed  Ti(a) 

7i-8Mn  Ti-6Al-4V-lSn 

Ti-2.  5  Al-  lMo-1  lSn-5Zr-0.  2Si  Ti-6Al-4V-2Co 
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f: 


Ti-  3Al-llCr-13V 
Ti-4Al-4Mn 
Ti-5Al-2.  5Sn 
Ti-6Al-2.  5Sn 
Ti-6A1-4V 
Ti-6Al-3Cb-2Sn 


Ti-6A1-6V -2. 5Sn 

Ti-7Al-2Cb-  ITa 

Ti-7Al-3Cb(b) 

Ti-7Al-3Mo 

Ti-7Al-3Cb-2Sn 

Ti-8A1-  IMo-  IV 

Ti-8Ai-3Cb-2Sn 


(a)  With  high  oxygen  content,  i.  e.  ,  0.  317  percent. 

(b)  As  received  and  beta  annealed . 

Preliminary  screening  tests  indicate  the 
following  alloys  to  be  insensitive  to  salt-water 
crack  propagation  for  the  condition  used: 


Ti-2Al-4Mo-4Zr 
Ti-4Al-3Mo-  IV 
Ti-5Al-2Sn-2Mo-2V 
Ti-6Al-2Mo 
Ti-6Al-2Sn-lMo-lV 


(a)  As  received  and  beta  annealed  +  WQ  +  110  F, 
aged  for  2  hr. 

The  degree  of  susceptibility  of  some  titanium 
alloys  to  stress-corrosion  cracking  in  salt  water 
can  be  changed  by  the  heat  treatment  given  the 
material.  In  general,  rapid  quenching  from  tem¬ 
peratures  above  the  beta  transus  tends  to  improve 
resistance,  while  aging  in  the  900  to  1300  F  range 
tends  to  decrease  resistance  to  accelerated 
cracking. 

Alloys  of  titauium  can  also  suffer  stre  ss- 
corrosion  cracking  at  ambient  temperatures 
under  certain  other  specific  conditions.  Failures 
have  been  encountered  in  red  fuming  HNOj  {as 
mentioned  above),  in  N2O4,  and  in  HC1.  In 
addition,  certain  alloys  have  shown  susceptibility 
to  stress-corrosion  cracking  in  chlorinated- 
hydrocarbon  solvents.  Cracks  will  initiate  and 
propagate  only  if  the  right  combination  of  stress, 
metallurgical  history,  and  environmental  factors 
is  present. 

In  the  case  of  red  fuming  HNO3,  cracking 
is  limited  to  environments  containing  less  than 
1.  5%  water  or  more  than  6%  NOg.  The  cracking 
is  thought  to  be  related  to  the  selective  attack  of 
small  amounts  of  beta-;'hase  and/or  an  ennehed- 
alloy  zone  along  the  grain  boundaries.  In  addition, 
this  attack  leaves  finely  divided,  highly  reactive 
particles  of  titanium  which  will  detonate  under 
alight  shock.  Adding  water  above  1.  5%  to  the 
anhydrous  acid  greatly  reduces  the  chance  for 
stress-corrosion  cracking  and  pyrophoric  re¬ 
actions. 

Failure  of  the  Ti-6A1~4V  alloy  in  tankage 
applications  has  occurred  in  N2O4  containing 
oxygen  and  chlorides  as  impurities.  With  the 
oxygen  replaced  by  greater  than  0.  06  percent  NO 
as  an  inhibitor,  failures  are  prevented.  This 


Ti-  6A1-  2Sn- 1  Mo-  3  V 
Ti-6Al-2Cb-  lTa-0.  8M0 
Ti-6.  5Al-5Zr-  IV 
Ti-7Al-2.  5MoU) 


attack  may  be  the  result  to  incomplete  oxide  for¬ 
mation  at  the  metal- surface  slip  planes,  or  by 
preferential  absorption  of  the  chloride  ion.  Current 
specifications  for  propellant- grade  N2C>4  require 
the  NO  content  to  be  between  0.  4  and  0,8  percent. 

Methyl  alconol  is  another  medium  that  ini¬ 
tiates  stress-corrosion  cracking  of  titanium  and 
its  alloys.  With  small  additions  of  bromine,  HC1, 
or  H2SO4  to  methanol,  even  unalloyed  titanium  can 
be  made  to  crack.  With  chemically  pure  methan¬ 
ol,  the  susceptibility  of  titanium  alloys  varies,  de¬ 
pending  on  alloy,  heat  treatment,  and  stress  level. 
For  example,  r.uiution-treatcd-and-aged  Ti-6A1-4V 
evinces  some  failures  at  about  70  percent  of  its  yield 
strength,  while  annealed  Ti-6A1-4V  cracks  only  on 
stressing  near  its  yield  point.  The  Ti-8AJ- IMo-  IV 
alloy  appears  even  more  susceptible. 


1-0.  5.2.2  Stress-Corrosion  Cracking 
Temperatures 


Elevated 


Late  in  1955,  surface  cracking  was  observed 
on  Ti-6A1-4V  alloys  undergoing  creep  testing  at 
700  F.  The  cracking  was  attributed  at  that  time  to 
surface  embrittlement  induced  by  oxidation.  Later, 
it  was  established  that  cracks  were  often  associated 
with  fingerprints.  Testing  of  specimens  under  stress 
in  contact  with  pure  NaCl  produced  crocking  at  ele¬ 
vated  temperatures.  This  phenomenon  has  become 
known  as  hot- salt  stress-corrosion  cracking. 

While  cracking  of  titanium  alloys  in  contact 
with  hot  sodium  chloride  has  been  obtained  in  labor¬ 
atory  studies  at  temperatures  as  low  as  450  F,  this 
phenomenon  has  not  been  -officially  reported  as  the 
cause  of  failure  of  a  titanium  part  in  service.  (17*21) 
It  should  be  pointed  out,  however,  that,  with  the 
possible  exception  of  jet-ex  gine  components,  ti¬ 
tanium  parts  in  service  are  not  subjected  to  com¬ 
binations  of  stress  and  temperature  in  the  range 
found  to  induce  cracking  in  the  laboratory. 

Studies  to  date  have  indicated  that  several 
types  of  chloride  salts  will  initiate  failure.  How¬ 
ever,  NaCl  now  appears  to  be  most  reactive.  Oxy¬ 
gen  or  a  reducible  oxide  (Ti02)  must  also  apparently 
be  present  for  cracking  to  occur,  although  the  criti¬ 
cal  concentration  of  oxygen  is  low  (1  to  10  microns 
Hg  pr-rcare).  Water  may  also  enter  into  the  re¬ 
action  and  appears  to  be  necessary,  although  its 
critical  concentration  is  low  (on  the  order  of  10 
ppm). 

Recent  studies  on  the  mechanism  have  shown 
that  a  gas- phase  reaction  can  occur,  whereas  pre¬ 
viously  a  liquid- phase  reaction  seemed  to  be  re¬ 
quired.  The  mechanism  apparently  involves  NaCl, 
O2,  H20,  and  reaction  products  of  TiCl2,  NaOH, 
and  Ti02.  A  possible  reaction  is: 

2NaCl  +  Ti  +  l/202  +  Hj.0-  TiCl,  +  2NaOH 
{6 F  =  -40  kcal  at  600  K). 


/ 


An  unstable  intermediate  ouch  as  TiCl^  is  indicated 
by  the  cyclic  studies  (room  temperature  to  oper¬ 
ating  temperature)  in  which  reduced  susceptibility 
is  £ound. 

A  more  recent  theory  proposes  that  NaCl  and 
water  react  to  form  NaOH  and  HC1.  The  HC1  reacts 
with  the  protective  oxides  on  the  surface,  forming 
unprotective  chlorides.  The  hydrogen  released 
by  the  attack  of  the  exposed  titanium  is  then  be¬ 
lieved  to  diffuse  into  the  metal  to  cause  subse¬ 
quent  hydrogen  embrittlement. 

It  appears  that  most  titanium  alloys  are 
susceptible  to  some  degree  to  hot- salt  stress- 
corrosion  cracking.  The  alpha-phase  alloys, 
such  as  Ti-5Al-2.  5Sn,  Ti-7Al-12Zr,  and  Ti-5A1- 
5Sn-5Zr,  are  apparently  most  susceptible  to 
attack.  The  alpha-beta  alloys  are  less  susceptible, 
and  the  degrt  of  susceptibility  may  increase  with 
increases  in  aluminum  content.  For  example,  the 
Ti-8A1- IMo- IV  alloy  (both  as  mill  annealed  and 
duplex  annealed)  is  very  susceptible.  However, 
the  Ti-8Mn  alloy,  which  contains  no  aluminum, 
is  also  susceptible. 

Alloys  with  intermediate  resistance  are 
Ti-5Al-5Sn-5Zr-  IMo-  IV,  Ti-6A1-4V,  Ti-6A1-6V- 
2Sn,  Ti-5Al-2.75Cr-I.25Fe,  and  Ti-3Al- llCr- 13V- 
Among  the  most  resistant  alloys  are  Ti-4A1-  3Mo- 
IV,  Ti-2.5Al-llSn-5Zr-lMo-0.2Si,  and  an  experi¬ 
mental  Ti-2Al-4Mo-4Zr  alloy.  Variations  in  heat 
treatment  have  been  found  to  affect  the  reactivity 
of  many  alloys.  Table  1-0.  5.  2.  2-1  lists  approxi¬ 
mate  stress-temperature  thresholds  for  several 
titanium  alloys. 

The  use  of  certain  coatings  on  a  titanium  sur¬ 
face  shows  promise  of  protection.  Surface  coatings 
of  nickel  plate,  aluminum  plate,  and  zinc  plate 
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show  promise  cf  delaying  attack  when  the  coating 
is  nonporous.  In  one  study,  flame- sprayed  alumin¬ 
um  and  nickel  and  electroless  nickel  were  porous 
and  not  very  effective,  while  hot-dipped  aluminum 
gave  good  protection.  In  other  work,  promising 
results  were  obtained  with  a  duplex  nickel  coating. 

In  view  of  the  role  of  oxygen  (even  as  TiO^)  on  the 
hot-salt  cracking,  it  is  not  believed  that  anodized 
films  will  offer  satisfactory  protection. 

Another  phenomenon  that  is  closely  related 
to  stress-corrosion  cracking  is  that  of  liquid- metal 
embrittlement.  (^)  Many  alloy  systems,  including 
titanium,  have  been  found  to  exhibit  brittle  failure 
when  in  contact  with  specific  low- melting- point 
metals.  (22)  In  the  cast  of  titanium  alloys,  molten 
cadmium  will  cause  cracking.  Mercury  and  mer¬ 
cury  amalgams  also  initiate  cracking.  However, 
in  thi3  case,  plastic  rather  than  elastic  deformation 
is  required  to  induce  cracking.  More  recently,  it 
has  been  found  that  silver  will  cause  cracking  of 
stressed  Ti-7Al-4Mo  and  Ti-5Al-2.  5Sn  alloys  at 
temperatures  of  650  F  and  above. 

1-0.  5.2.  3  Galvanic  Corrosion 

In  most  environments,  the  potential  of  passive 
titanium  is  quite  similar  to  that  for  Monel  and  stain¬ 
less  steels.  (23)  Therefore,  galvanic  effects  are 
not  likely  to  occur  when  titanium  alloys  are  coupled 
to  these  materials.  On  the  other  hand,  less  noble 
materials,  such  as  aluminum  alloys,  carbon  steels, 
and  magnesium  alloys,  may  suffer  accelerated  at¬ 
tack  when  coupled  with  titanium.  (24)  The  extent  and 
degree  os  such  galvanic  attack  depends  upon  the  rel¬ 
ative  areas  of  the  titanium  and  the  other  metal.  For 
example,  where  the  area  of  the  anodic  material 
is  small  in  relation  to  that  of  titanium,  severe 
corrosion  of  the  anodic  material  will  occur.  On 
the  other  hand,  less  attack  will  be  evident  if  the 
areas  of  the  two  metals  are  reversed 


TABLE  1-0.  5.  2.  2-1.  APPROXIMATE  THRESHOLDS  FOR  STRESS- CORROSION  CRACKING  OF  TITANIUM 
ALLOYS  IN  HOT  SALT*17) 


100-Hr  Threshold  Stress,  ksi 


Condition 

550 

600 

650 

700 

750 

800 

850 

900 

950 

Ti-4Al-3Mo-  IV 

Aged 

_  _ 

95 

25 

25 

Annealed 

34 

78 

-- 

28 

15-49 

„  _ 

.... 

Ti-2.  5A1-  IMo-  10Sr.-5Zr 

Aged 

-- 

— 

70 

40 

_ 

35 

_  — 

Ti-5Al-5Sn-5Zr-  IMo-  IV 

69 

_ 

_ 

35 

Ti-6A1-4V 

Aged 

— 

95 

65 

25 

30 

12 

15 

_  „ 

Annealed 

50 

50 

22 

_ 

18-24 

~  — 

•»  «• 

Ti-5Al-2.75Cr-l.25Fe 

Aged 

... 

80 

25 

16 

_  _ 

«.  _ 

Annealed 

— 

45 

.  _ 

... 

_  _ 

15 

_  _ 

Ti-8A1-  IMo- 1 V 

Aged 

-- 

— 

-- 

-- 

25 

— 

20 

.  _ 

15 

Annealed 

25 

55 

-- 

23 

-  . 

18 

~  ■» 

Ti-5Al-2,  5Su 

Annealed 

28 

30 

-- 

15 

.  - 

10-20 

_  „ 

•  — 

Ti-7Al-l2Zr 

— 

— 

- 

<5 

m  _ 

Ti-5Al-5Sn-5Zr 

— 

— 

-- 

-- 

<5 

-- 

<5 

_ 
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Such  attack  can  be  prevented  or  minimized  in 
most  cases  by  protective  paints  and  other  treat¬ 
ments,  which  include  modifying  the  environment  or 
insulating  the  dissimilar  metals  from  direct  con¬ 
tact  with  each  othe  r. 

1-0.  5.2.  4  Crevice  Corrosion 

Crevice  corrosion  of  titanium  and  its  alloys 
has  been  shown  to  occur  in  chloride- salt  solutions 
at  elevated  temperature. 1  '  This  attack  occurs 

above  200  F,  with  increasing  frequency  from  300 
to  400  F.  Acid  and  neutral  solutions  cause  the 
greatest  susceptibility,  whereas  no  attack  has 
been  observed  at  pH  of  9  or  more.  Crevice  attack 
occurs  with  about  the  same  frequency  among  un¬ 
alloyed  titanium  and  the  common  titanium  alloys. 
Only  the  titanium  alloy  with  about  0.  2  percent 
palladium  provides  increased  resistance  to  cre¬ 
vice  attack,  but  it  too  is  attacked  after  long-term 
exposure  at  elevated  temperature. 

While  the  mechanism  is  not  completely  under¬ 
stood,  microcrevices,  lack  of  oxygen,  and  hydride 
formation  may  be  involved. 
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I- 1.  0  GENERAL  REMARKS 

The  term  unalloyed  titanium  is  used  to  desig¬ 
nate  several  grades  ot  titanium  containing  minor 
amounts  of  impurity  elements  such  a«  carbon, 
oxygen,  and  iron.  Three  grades  are  described 
here  as  representative  of  the  available  unalloyed 
grades  which  are  characterized  by  different  yield 
strengths. 


1-1.1  COMMERCIAL  DESIGNATIONS 


YS  40 

YS  55 

YS  70 

ksi 

ksi 

ksi 

Producer 

A-40 

A-55 

A- 70 

Crucible  Steel  Co. 

Carlson  A 

Carlson  A 

Carlson  A 

G.  O.  Cartoon,  Inc.  ?*' 

HA- 1940 

HA- 1950 

HA- 1970 

Harvey  Aluminum  Co. 

— 

-- 

MET-RMD-2 

Misco  Division,  Kow- 
met  Corp.  W 

OMC-105 

-- 

Oregon  Metallurgi¬ 
cal  Corp.  1*? 

RMI-40 

RMI-55 

RMI-70 

Reactive  Metala,  Inc. 

T1-55A 

Ti-65A 

Ti-7SA 

Titanium  Metals  Corp. 

(a)  Selected  product  form!  available. 


1-1.2  ALTERNATE  DESIGNATIONS  (Common 
Names) 

Commercially  pure,  CP,  or  unalloyed 


1-1.  3  ALLOY  TYPE 

Essentially  all  alpha 


1-1.4  COMPOSITION,  RANGE  OR  MAXIMUMS,  % 
Element  YS~40  kai  YS^55  ksi  YS  -70  ksi 


Carbon  0.10-0.20  0.20  0.20 

Nitrogen  0.07  0.07  0.07 

Iron  0. 30 

•  Oxygen  0.15  --  0.40 

Hydrogen  0.015  0. 315  0.0125 

Manganese  0.20 

Other  total  0.  60  0.  60  0.  80 


1-1.5  SPECIFICATIONS 

YS  40  ksi  YS  55  ksi 


AMS-4902  AMS-4900A 

AMS-49-il  &  495?  MIL-T-9406E, 

MIL-T-9046E  Type  I,  (C) 

Type  I,  (A)  MIL-T-7993, 

MIL-T- 12117,  Class  H 

Class  50 


YS  70  ksi 

AMS-4901B 

AMS-4921A 

MIL-T-9046E,  Type  I,  (B) 

MIL-T-12117,  Class  70 
MIL-T-7993,  Class  I 

1-1.6  DESCRIPTION  AND  METALLURGY 
1-1.6. 1  Composition  and  Structures 

The  oxygen,  nitrogen,  carbon,  hydrogen, 
iron,  manganese,  and  other  elements  in  unalloyed 
titanium  are  mostly  unintentional.  The  exception 
is  oxygen,  which  is  added  to  make  the  higher 
strength  grades.  This  addition  is  made  by  selecting 
blends  of  the  raw  sponge  titanium  which  have  varied 
impurity  (oxygen  and  other  elements)  content  re¬ 
sulting  from  the  variables  of  manufacture.  If  only 
high-purity  sponge-titanium  lots  are  available 
(low  oxygen  content),  another  method  of  making 
the  higher  strength  grades  of  commercially  pure 
titanium  is  to  blend  in  portions  of  scrap  that  have 
known  higher  oxygen  contents.  In  this  way,  the 
alloy  content  is  controlled  to  result  in  the  grade 
desired. 

Oxygen,  nitrogen,  and  carbon  strengthen  the 
base  metal  by  forming  interstitial  solid  solutions, 
resulting  in  essentially  single-phase  nonheat-treatable 
alpha  alloys.  Hydrogen  is  most  commonly  removed 
to  insignificant  levels  during  melting  and,  unless 
reintroduced  by  poor  practice  during  subsequent 
processing  and  utilization,  does  not  enter  into  the 
metallurgy  of  the  unalloyed  titanium  grades.  The 
beta  stabilizers,  iron  and  manganese,  also  are  pre¬ 
sent  in  low  amounts.  However,  enough  of  these 
elements  are  present. to  cause  occasional  beta- 
phase  stabilization,  which  is  observable  in  the 
microstructure.  Nevertheless,  the  beta  phase  so 
stabilized  is  present  in  such  small  amounts  that  It 
does  not  promote  even  the  slightest  heat-treatment 
response  and  has  never  been  known  to  contribute 
to  adverse  properties  after  severe  processing  pro¬ 
cedures  or  after  severe  service  conditions. 


The  beta  tranrus  temperatures  ot  three  typical 
grades  of  unalloyed  titanium  are: 

YS  Grade,  ksi  Transus  Temperature ,  F 

40  -  1675 

55  ~  1700 

70  ~  1740 


Because  of  the  small  amount  of  beta  stabilizer 
content  in  the  highest  purity  grades,  the  temper¬ 
ature  range  where  alpha  and  beta  phases  are  in 


1-1:67-2 


equilibrium  is  very  narrow.  Practically  no  dif¬ 
ferences  in  mechanical  properties  are  found  with 
acicular  structures  obtained  by  cooling  from  above 
the  beta  transus  and  equiaxcd  structures  obtained 
by  thermal  history  below  the  beta  transus. 

1-1.  6.2  Deformation  Practice  and  Effects 


The  unalloyed  titanium  grades  are  readily  for¬ 
ged  at  the  intermediate  temperatures  shown  below; 


YS  Grade,  ksi 

~  40 
~  55 
~  70 


Blocker 

1600-1700  F 
1600-1700  F 
1650-1700  F 


Finish 

1500-1600  F 
1500-1600  F 
1500-1600  F 


Time  at  elevated  temperature  is  kept  at  a  minimum 
to  reduce  oxidation  and  grain  growth.  Slightly  oxi¬ 
dizing  atmospheres  are  used  to  minimize  hydrogen 
pickup.  Scale  and  contaminated  surface  layers 
should  be  removed  after  elevated-temperature 
operations.  If  these  precautions  are  observed, 
good  properties  are  easily  obtained. 

Unalloyed  titanium  grades  work  harden  fairly 
rapidly  when  deformed  at  room  temperature.  The 
normal  bending  and  forming  operations  afford  no 
difficulties,  however,  if  the  deformation  is  limited 
to  the  uniform  elongation  of  the  material.  There 
is  a  tendency  for  springbuck  in  bending  operations 
that  is  sometimes  overcome  by  warm-forming 
procedures  (500  to  600  F).  Additional  information 
on  the  forming  of  unalloyed  titanium  is  given  in 
Section  3  of  this  handbook. 

As  supplied  by  the  producers,  mill-annealed 
unalloyed  titanium  grades  are  quite  soft  and  ductile. 
Hardness  values  range  grom  88  to  92  Rockwell  B 
tor  the  40-ksi  yield- strength  grade,  from  95  to  99 
Rockwell  B  for  the  55- ksi  yield- strength  grade, 
and  from  23  to  29  Rockwell  C  for  the  70-ksi  yield- 
strength  grade.  Brinell  hardness  values  (1500-kg 
load)  range  from  170  to  300  for  the  three  grades. 
Bend  ductilities  range  from  about  1  to  2T  for  the 
40-ksi  yield- strength  grade  to  about  2  to  3T  for  the 
highest  strength  for  all  grades.  Because  .of  this 
high  inherent  ductility,  the  unalloyed  titanium  grades 
can  be  used  in  cases  where  severe  deformation  is 
required  for  the  manufacture  of  hardware.  I!f  re- 
annealed  after  forming,  the  properties  of  unalloyed 
grades  can  be  restored  to  those  of  the  as- received 
material.  If  severe  deformation  is  not  followed  bv 
reannealing,  property  degradation  might  be  ex¬ 
perienced.  Typically,  after  other  than  hot- working 
operations,  tensile  strength  is  increased  and  duc¬ 
tility  is  decreased.  Cold- stretching  operations  can 
cause  a  loss  in  compressive  yield  strength  of  up 
to  25  percent. 


1-1.6.  3  Heat -Treatment  Practice  and  Effects 
1-1.6.  3.0  General  Remarks 

Annealing  heat  treatments  ranging  between 
1  hour  at  1000  F  up  to  2  hours  at  1300  F,  followed 
by  air  cooling,  are  used  to  restore  mill-annealed 
yield  strength.  The  treatment  selected  depends 
upon  the  work  introduced  into  the  metal  during 
forming  and  the  degree  of  annealed  strength  re¬ 
storation  desired.  Unalloyed  titanium  grades  -re 
not  heat  treatable  to  cause  increases  in  strength 
levels. 

1-1.6.  3.1  Stress-Relief  Annealing 

Stress-relief  treatments  are  those  designed 
to  partially  remove  or  largely  overcome  the  ef¬ 
fects  of  residual  stresses.  The  stress  relieving 
temperatures  will  depend  on  the  amount  of  strain 
induced  in  the  material.  Thus,  where  the  degree 
of  deformation  is  known  and  restoration  of  com¬ 
pressive  yield  strength  is  the  objective,  particular 
combinations  of  time  and  temperature  can  be  used 
as  shown  by  the  following  example: 


Grade 

Stretch, 

% 

Anneal¬ 

ing 

Time, 

min 

Anneal¬ 

ing 

Temp, 

F 

Compressive 

YS 

Recovery,  % 

YS  of 

1-3 

60 

825 

94 

70  ksi 

1-3 

15 

1075 

94 

In  practice,  where  the  degree  of  deformation  is 
not  always  known,  or  where  the  .eduction  of 
residual  stresses  to  a  low  level  is  desired,  a 
treatment  of  !5  to  30  minutes  at  1030  to  1100  F 
i»  usually  given  for  all  unalloyed  grades.  The 
stre  ss- relief  annealing  treatment  is  terminated 
by  air  cooling.  Experimental  stress-relief  data 
obtained  for  the  55  ksi  yield  strength  grade  of 
unalloyed  titanium  are  shown  in  Figure  1-1.  6.  3.  l-l. 

1-1.6.  3.  2  Annealing 

For  the  complete  removal  of  residual 
stresses  or  for  obtaining  optimum  tensile  ductil¬ 
ity,  higher  temperatures  than  stress-relief  anneal¬ 
ing  temperatures  are  used.  Commonly,  2-hour 
exposure  at  1300  F  followed  by  air  cooling  is  used 
for  all  unalloyed  titanium  grades.  Higher  temper¬ 
atures  are  possible  but  are  always  dangerous  from 
the  standpoint  of  introducing  excessive  oxidation 
and  contamination. 
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FIGURE  1-1.  6.  3.  1-1.  RELIEF  OF  RESIDUAL  STRESS  VERSUS  TIME 
AT  500  F,  700  F,  900  F.  1000  F,  AND  1100  F  IN  UNALLOYED 
TITANIUM  (55-KSI  YS)(I) 
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1- 1.  6.  3.  3  Strengthening  Heat  Treatments 


1-1.  6.  4.2-1  Chemical  Stability 


The  commercial  grades  of  unalloyed  titanium 
exist  essentially  as  single-phase  (alpha)  solid- 
solution  alloys  over  a  wide  range  of  temperatures 
and  are  not  heat  treatable  to  higher  strength  levels. 

1-1.  6.  4  Stability 

1-1.6.  4.1  Thermal  Stability 

Due  to  the  single-phase  nature  of  unalloyed 
titanium  grades,  no  inherent  instability  phenomena 
are  encountered.  Grain  size  may  bs  greatly  af¬ 
fected  by  thermal  exposure,  depending  laigely 
upon  the  work  history  of  the  material  as  shown  in 
Figure  1-1.  6.  4. 1-1,  However,  within  the  usual 
and  reasonable  limits,  no  major  changes  in  pro¬ 
perties  are  observed  that  can  be  traced  to  thermal 
treatment. 


FIGURE  1- 1. 6. 4.  2-1.  THE  EFFECT  OF  DEFOR¬ 
MATION  AND  TEMPERATURE  ON  THE 
RECRYSTALLIZED  GRAIN  SIZE  OF  0. 022- 
INCH- THICK  UNALLOYED  TITANIUM'” 


The  chemical  reactivity  of  unalloyed  titan¬ 
ium  is  described  in  the  corrosion  section  (1-0.  5). 

In  general,  titanium  possesses  outstanding  cor¬ 
rosion  resistance  to  most  media  at  ambient  tem¬ 
peratures.  At  elevated  temperatures,  the  prin¬ 
cipal  reactivity  of  concern  is  that  between  titanium 
and  oxygen.  Oxygen  will  react  at  quite  low  tem¬ 
peratures  to  form  titanium  oxide,  first  in  invisi¬ 
ble  quantities,  then  through  a  spectrum  of  inter¬ 
ference  colors,  and  finally  in  quantities  sufficient 
to  be  described  as  scale.  Adjacent  to  the  oxide 
layer,  portions  of  the  oxygen  dissolve  in  the  titanium 
and  strengthen  it  by  solid- solution  mechanism. 

The  titanium- oxygen  reactivity  is  time- 
temperature  dependent.  For  example,  short-time 
exposure  in  air  at  750  F  will  hardly  affect  surface 
appearance,  but  with  long-time  exposure,  a  defin¬ 
ite  color  change  occurs.  Color  intensifies  with 
increasing  temperature  until  at  temperature  from 
1000  F  up,  definite  scale  formation  is  observed, 
color  and  thickness  depending  on  exposure  time 
and  surface  condition. 

Oxygen  contamination  beneath  the  visible 
oxide  layers  on  titanium  is  negligible  at  temper¬ 
atures  below  about  1000  F.  As  measured  by  a 
hardness  increase  in  the  subscale  metallic  layer*, 
contamination  increases  with  increasing  temper¬ 
ature.  This  is  illustrated  by  the  data  given  in 
Figure  1-1.6.  4.  2-1.  In  general,  the  scale  and 
contaminated  layer  on  titanium  should  be  removed 
for  optimum  properties. 

While  stress  corrosion  may  occur  in  com¬ 
mercially  pure  unalloyed  titanium  grades  in  some 
media,  salt-stress  corrosion  (NaCl)  of  unalloyed 
titanium  has  never  been  reported.  It  is  especially 
not  apt  to  occur  in  service,  since  unalloyed  titanium 
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1-2  Titanium  Alloy  Ti-5  AI-2.5  Sn 


1-2:67-1 


1-2.0  GENERAL  REMARKS 


1-2.5  SPECIFICATIONS 


Two  grades  of  this  alloy  are  made.  The 
standard  grade  is  described  here.  A  higher  purity 
grade  designated  ELI,  for  extra-low- interstitial 
(impurity)  content,  is  designed  for  cryogenic  usage 
where  high  toughness  is  required. 

1-2.  1  COMMERCIAL  DESIGNATIONS 


Designation 


Producer 


A- 11  OAT 
HA- 5 137 
MET-RMD-3 
CMC-166A 
RMI-5A1-2.  5Sn 
Ti-5Al-2.  5Sn 


Crucible  Steel  Company 
Harvey  Aluminum  Company 
Misco  Division, Howmet  Corporation 
Oregon  Metallurgical  Corporation 
Reactive  Metals,  Incorporated 
Titanium  Metals  Corporation 


Forms  Available^) 


B,  b,  P,  W 

B,  b,  E 

Castings 

B,  castings 

B.  b,  P,  S 

B,  b,  P,  S,  s.  W,  E 

(?)  B  =  billet,  b  =  bar,  P  =  plate,  S  =  sheet, 

3  =  strip,  W  =  wire,  E  =  extrusions. 

1-2.2  ALTERNATE  DESIGNATIONS  (COMMON 
NAMES) 

5  -  2-1/2,  aluminum-tin  alpha,  A-1Z0, 
IMI-317  (British) 

1-2.3  ALLOY  TYPE 


P 11  alpha 

1-2.4  COMPOSITION,  RANGE  OR  MAXIMUMS  % 


AMS-4910  MIL-T-9046E 

AMS-4926  MIL-T-9047C 

AMS-4953 
AMS-4966 

1-2.  6  DESCRIPTION  AND  METALLURGY* 


1-2.  6.  1  Composition  and  Structure 

The  Ti-5Al-2.5Sn  alloy  is  an  all-alpha  alloy 
with  typical  all-alpha  good  weldability  anc!  elevated- 
temperature  strength,  but  lacking  heat  treatability. 
The  small  beta- stabilizer  content  (iron  and  man¬ 
ganese)  is  present  as  impurity  and  can  be  detri¬ 
mental  to  extreme  low-temperature  properties. 
However,  the  beta  content  is  usua11’'  so  small 
as  to  be  ineffective  metallurgicaliy  except  to  cause 
enough  beta-phase  stabilization  to  be  seen  metal- 
log  raphic&ily,  The  low- interstitial  grade  (ELI) 
which  has  a  lower  iron  and  manganese  content  does 
not  show  the  beta-phase  metallographically  and  is 
generally  lower  in  strength  than  the  standard 
grade. 

The  effects  of  adding  tin  to  experimental  ti¬ 
tanium-5  percent  aluminum  alloys  made  from  iodide- 
or  a  sponge-base  titanium  are  shown  in  Table 
1-2.  6.  1-1.  The  ELI  grade  of  the  5A1-2.  5Sn  alloy 
is  between  the  two  examples  of  titanium  purity  used 
in  this  illustration,  Here  it  will  be  noted  that  the 
increased  strength  of  the  commercial  purity  grade 
is  obtained  with  essentially  '.!< '  same  ductility. 

These  data  also  indicate  an  p.  rent  tolerance  for 
inter sticials,  as  no  loss  in  tensile  ductility  is  re¬ 
ported  in  the  higher  interstitial,  sponge- base  al¬ 
loys,  even  though  an  appreciable  increase  in 
stre-uth  is  obtained.  While  this  is  true  at  room 
and  elevated  temperatures,  higher  ductility  is 
found  with  increasing  purity  at  low  temperatures. 


Standard  Grade  EH  Grade 

_ Major  Elements _ 


TABLE  1-2,  6.  1-1.  COMPARISON  OF  LABORATORY 
HEATS  OF  HIGH- PURITY  AND  COMMERCIAL- 
PURE  ALPHA  ALLOYS(a)(1) 


Ai 

4.  0-6.0 

4.  7-5.  6 

Sn 

2.  0-3.  0 

2.  0-3.  0 

Fe 

0.  50 

0.  1-0. 2 

Mn 

0.  30 

-- 

interstitial  Elements 

O 

0.  20 

0.  12 

C 

0.  15 

0.08 

N 

0.  07 

0.05 

H 

0.003-0.020 

0.0125  bar 

0.  0175  sheet 


Property 

High 

Purity 

Commer¬ 

cial 

Purity 

High 

Purity 

Commer¬ 

cial 

Purity 

TS,  ksi 

65 

105 

95 

120 

0.  2%  Offset 

YS,  ksi 

60 

95 

80 

110 

RA,  % 

40 

40 

40 

40 

El ,  %  in  1 

in. 

20 

20 

20 

20 

Min  3end 

Radius,  T 

1.5 

2.0 

1.5 

2.  5 

(a)  0v‘040-inch  sheet,  annealed  at  850  C  (1560  F). 


The  microstructures  observed  in  5AI-2.  5Sn 
alloy  are  relatively  simple.  The  structure  at 
room  temperature  is  essentially  all  alpha.  How¬ 
ever,  traces  of  beta  phase  are  usually  found,  re¬ 
sulting  from  stabilization  of  this  phase  by  the  re¬ 
sidual  iron  content  of  the  sponge.  The  alpha  will 
have  two  basic  forms:  equiaxed  and  acicular.  The 
equiaxed  alpha  structure  is  obtained  by  mechanical 
working  and  subsequent  annealing  at  temperatures 
in  the  alpha- phase  field.  The  alpha  to  alpha- 
beta  transus  temperature  is  about  1875  F ,  and  all¬ 
beta  structures  are  found  above  about  1925  F. 

The  acicular  alpha  results  from  cooling  from 
the  beta-phase  region.  The  cooling  rate  may  alter 
the  appearance  of  this  type  cf  structure.  Water 
quenching  produces  the  typical  sharp  acicular, 
martensitic  alpha  structure.  Furnace  cooling  from 
the  beta-phase  region,  on  the  other  hand,  produces 
a  large,  rounded  acicular  alpha-grain  structure. 
The  microstructures  above  are  the  result  of  ex¬ 
tremes  in  cooling  rate,  and  intermediate  cooling 
rates  will  alter  the  size  and  shape  of  the  alpha 
grains.  In  addition,  the  size  of  the  prior  beta 
grains  may  be  altered  by  time  and  temperature  of 
holding  in  the  beta  field  prior  to  cooling. 

1-2.  6.  2  Deformation  Practice  and  Effects^ 

Suggested  forging  temperatures  for  the 
Ti-5Al-2.  5Sn  alloy  range  from  1650  to  2150  F. 
However,  forging  above  the  beta-transus  temper¬ 
ature  is  suggested  only  for  particularly  severe 
deformation  on  thick  section  material  and  should 
be  limited  and  followed  by  deformation  at  lower 
temperatures.  The  more  common  forging  temper¬ 
atures  suggested  by  two  sources  are  shown  below. 


is  for  a  long  time  at  temperatures  above  about 
1200  F,  contamination  may  become  a  larger 
problem  than  the  difficulty  of  forming.  To 
illustrate  these  forming  effects  on  mechanical 
properties.  Table  1-2.  6.  2-1  is  used  to  show 
Bauschinger  effects,  while  Table  1-2.  6.  2-2  is 
used  to  show  the  effect  of  contamination  on  bend 
ductility.  Table  1-2.  6.2-3  shows  that  there  is 
little  advantage  in  using  very  high  temperature  for 
forming,  since  the  principal  increase  in  bend 
ductility  is  achieved  in  temperatures  up  to  1000  F. 

The  5A1-2.  5Sn  alloy,  while  not  heat  ti  eatable, 
is  strengthened  by  cold  work,  as  shown  by  the  data 
in  Table  1-2.  6.  2-4  for  bar  stock  cold  drawn  to  a 
15  percent  reduction  in  area. 


TABLE  1-2.  6.  2-3.  EFFECT  OF  TEMPERATURE 
ON  MINIMUM  BEND  RADIUS  OF 
Ti-5Al-2.  5Sn  ALLOY<l> 


Test 

Temperature, 

F 

Bend  Radius  to  Thickness  Ratio 

Longitudinal 

Transverse 

RT 

4.  0-4.  5 

4.  0-4.  5 

400 

3.  5-4.0 

3.  5-4.5 

800 

2.  0-3.0 

2.  5-3.0 

1000 

1.5-2.  5 

2.  0-2. 5 

1200 

1.  0-2.0 

1. 0-2.0 

TABLE  1-2.  6.  2-4.  COMPARISON  OF  TENSILE 
PROPERTIES  OF  ANNEALED  AND  COLD 
DRAWN  Ti-5Al-2.  5Sn  ALLOY^1'3’4) 


Blocking  Finishing 

Temperature,  Temperature, 

F _  F _ 

1700-2000  1775-1850 

1850-1900  3650-1850 

All  other  fabrication  and  forming  temperatures 
are  substantially  lower.  Thus,  with  the  exception 
of  some  forging  operations,  fabrication  of 
Ti-5Al-2.  5Sn  is  conducted  with  the  aPoy  in  the 
all-alpha  conditio  Alpha  titanium  is  appreciably 
more  resistant  to  idation  than  beta  titanium. 

There  are  two  side  effects  of  forming 
operations  that  should  be  recognized.  One  is  the 


Annealed 

Cold  Drawn 

15  Percent 

UTS,  ksi 

142.5 

175.  0 

0.  2%  Offset 

YS,  ksi 

127.5 

151.0 

Proportional  Limit, 

ksi 

122.5 

75.0 

El,  %  in  2  in. 

17.0 

10.0 

RA,  % 

39.0 

28.0 

Elastic  Modulus, 

!06  psi 

15.7 

14.4 

Type  of  Fracture 

Flat  1/2  cup 

Flat  1/2  cup 

decrease  in  compression  yield  strength  after  ten¬ 
sion  deformation,  called  the  Bauschinger  effect. 

The  second  is  the  possibility  of  air  contamination 
during  heating  for  forming  or  heat  treatment, 
which  results  in  decreased  ductility  of  the  material. 
While  warm  forming  may  be  used  to  facilitate  fab¬ 
rication,  it  does  not  eliminate  the  Bauschinger 
effect,  and  if  the  elevated-temperature  exposure 


Material  strengthened  by  cold  working  would,  of 
course,  be  limited  in  the  range  of  temperature  in 
which  it  could  be  used.  The  lower  temperature  for 
recovery  on  recrystallization  would  be  the  upper 
limit  of  service  temperature  for  cold-worked 
material.  The  maximum  service  temperature  would 
decrease  for  increased  amounts  of  cold  work,  but 
appears  to  be  about  700  F  for  15  percent  cold  work. 
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TABLE  1-2.  6.  2-1.  TYPICAL  MECHANICAL  PROPERTIES  OF  AS-RECIEVED,  STRETCHED, 
AND  STRESS-RELIEVED  Ti-5Al-2.  5Sn.  TITANIUM  ALLOY^1*  2>  3»  4)<a) 


Specimen 

Description 

Compressive 
Yield  Strength 
(0,2%  Offset) 
ksl 

Tensile 

Yield  Strength 
(0.2%  Offset) 
ksl 

Tensile 

Ultimate  Strength, 
ksi 

Elongation, 

%  In 

2  inches 

Percentage  of 
As -Received 
Compressive 
Yield  Strength 

As  received 

129.9 

121.7 

131.8 

19.8 

100 

1%  Stretch 

As  stretched 

87.  8 

125.6 

131.9 

20,0 

67.6 

Stress  relieved 

122.8 

121.5 

131.6 

21.0 

94.5 

3%  Stretch 

As  stretched 

04.  9 

131.7 

135.9 

18.3 

65.4 

Stress  .relieved 

121.5 

120.7 

133.0 

17.5 

93.5 

(»)  Thote  «ie  not  dMlgn  tllowiblcu. 


TABLE  1-2. 6.  2-2.  EMBRITTLEMENT  BEND-TEST  RESULTS  FOR  TI-5A1-2.  sSnt1) 


Exposure 

Time, 

hours 

Bend  Angle  or  Bend  Radius  fer  Samples  A  and  B  at  Indicated  Temperature^) 

Measurement 

800  F 

900  F 

1000  F 

1200  F 

1400  F 

1500  F 

1600  F 

1700  F 

1800  F 

"X  B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

B 

Angle,  deg 

180 

130 

180 

180 

180 

180 

180 

180 

65 

60 

65 

75 

50 

35 

20 

30 

10 

5 

MBR,  T 

2.3 

2.2 

2.3 

2.3 

2.3 

3.0 

i.  1 

2.2 

— 

— 

— 

— 

— 

— 

— 

— 

-w 

“* 

Angle,  deg 

180 

180 

180 

180 

180 

180 

180 

ISO 

65 

55 

65 

55 

35 

45 

5 

25 

0 

3 

MBR,  T 

2.3 

2.4 

2.2 

2.4 

2.2 

2.  6 

1.2 

2.2 

— 

— 

— 

— 

— 

— 

““ 

Angle,  deg 

180 

180 

180 

180 

180 

105 

130 

180 

55 

45 

65 

50 

20 

25 

0 

15 

0 

0 

MBR,  T 

2.4 

2.2 

2.6 

2.6 

2.3 

— 

2.2 

2.2 

— 

— 

-- 

— 

— 

— 

«.«. 

Angle,  deg 

180 

180 

90 

180 

180 

180 

105 

180 

50 

40 

50 

40 

5 

5 

0 

— 

— 

-- 

MBR,  T 

2.4 

2.5 

— 

2.  8 

2.5 

2.0 

““ 

2.5 

— 

— 

— 

— 

— 

-- 

Angle,  deg 

180 

100 

180 

85 

145 

115 

70 

55 

45 

45 

55 

30 

0 

0 

— 

— 

— 

— 

CM 

MBR,  T 

1.9 

2.4 

2.9 

— 

— 

— 

-- 

— 

— 

— 

— 

— 

-- 

— 

-- 

Angie,  deg 

180 

180 

70 

180 

75 

75 

60 

50 

30 

40 

30 

30 

0 

0 

-- 

-- 

-- 

MBR,  T 

2.3 

2.8 

— 

2.9 

— 

— 

-** 

— 

•— 

-- 

— 

— 

— 

— 

— 

— 

— 

— 

tnn 

Angle,  deg 

180 

180 

70 

85 

90 

75 

50 

45 

25 

20 

.. 

.. 

„  . 

«... 

.. 

.. 

MBR,  T 

2.2 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

-- 

— 

Angle,  deg 

180 

180 

70 

85 

70 

65 

35 

35 

30 

25 

... 

_ 

_ 

.  - 

«... 

-- 

— 

MBR,  T 

2.1 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

500 

Angle,  deg 

65 

95 

55 

65 

55 

85 

30 

30 

0 

10 

— 

— 

— 

— 

— 

— 

— 

— 

(a)  Values  lined  fee  either  the  bead  angle  over  a  3.3T  radius  in  degrtes  or  the  minimum  radius  la  terms  of  T  for  a  I80*degree  bead.  A  sod  B  sample!  rr  aired  identical 
treatment. 
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Relaxation  tests  on  bar  stock  of  5A1-2.  5Sn  alloy 
gave  the  results  in  Table  1-2.6.  2-5  for  tests  at 
700  and  800  F.  These  data  indicate  a  definite 
loss  of  creep  resistance  at  800  F  tor  the  cold- 
worked  material. 

1-2.  6.  3  Heat  Treatment  Practice  and  Effects 
1-2.  6.  3.0  General  Remarks 

Since  the  Ti-5Al-2.  5Sn  alloy  is  single-phase 
alpha  type,  heat  treatment  is  confined  to  stress 
relief  or  full  annealing  treatments. 

1-2.  6.  3.  1  Stress-Relief  Annealing'*^ 

The  stress- relief  annealing  of  this  alloy  is 
usually  accomplished  in  the  1000  to  1200  F  tem¬ 
perature  range  at  times  between  15  minutes  and  • 

1  hour  and  is  followed  by  air  cooxing.  As  shown  by 
the  data  in  Figure  1-2.  6.  3.  1-1,  very  little  relax¬ 
ation  takes  place  in  700  F  exposure,  only  part  of  the 
residual  stresses  can  be  relieved  in  practical  ex¬ 
posure  time  at  900  F,  and  significant  stress- relief 
annealing  can  be  accomplished  in  1  hour  at  1100  F. 
Shorter  times  at  higher  temperatures  may  also  be 
used  with  the  usual  precautions  against  contamin¬ 
ation  being  followed.  Depending  upon  the  condition 
of  the  material  and  the  required  condition  with  re¬ 
spect  to  residual  stress,  a  time-temperature  com¬ 
bination  can  be  selected  to  meet  the  mechanical 
properties  desired. 

1-2.  6.  3,  2  Annealing 

The  full  annealing  of  Ti-5Al-2.  5Sn  alloy  may 
be  accomplished  by  thermal  exposure  in  the  range 
1300  to  1600  F  for  times  between  15  minutes  and 
4  hours.  The  shorter  times  are  used  at  the  higher 
temperatures.  Cooling  rate  from  this  temperature 
range  has  little  effect  on  properties.  Air  cooling  is 
usually  used  for  convenience.  Furnace  cooling 
might  be  required  in  vacuum  annealing  for  example. 

Temperatures  above  1600  F  are  seldom  used 
for  annealing  the  Ti-5Al-2.  5Sn  alloy,  since  pro¬ 
blems  in  excessive  grain  growth  and  oxidation  can 
be  encountered.  Annealing  in  the  preferred  alpha 
temperature  range  imparts  or  restores  the  optimum 
ductility  and  toughness  to  the  alloy. 

Heating  into  the  beta  field  without  subsequent 
working  in  the  alpha  field  causes  a  loss  of  ductility 
in  rocm-teroperature  tensile  tests  with  little  effect 
on  strength.  This  is  shown  in  Table  1-2.  6.  3.  2-1 
for  5A1-2.  5Sn  material  extruded  at  1700  F.  Slow 
cooling  from  the  beta  field  (2100  F)  produces  the 
relatively  low  ductility  of  about  8  percent  elongation 
and  15  percent  reduction  of  area.  Quenching  from 
the  beta  field  increases  the  ductility  to  12  percent 
elongation  and  25  percent  reduction  of  area,  whereas 
annealing  in  the  alpha  field  (1200  to  1850  F)  pro¬ 
dices  about  17  percent  elongation  and  45  percent  re¬ 
duction  of  area. 


1-2.6.  3.3  Strengthening  Heat  Treatments 

Because  5A1-2.  5Sn  alloy  has  essentially  an 
all-alpha  structure,  it  would  be  expected  that  heat 
treatment  would  have  little  effect  on  its  mechanical 
properties.  Early  experience  indicated  that  a  small 
increase  in  strength  could  be  achieved  by  solution 
treatment  followed  by  aging,  but  in  practice  this 
treatment  is  never  used. 

1-2. 6. 4  Stability 

1-2.  6.  4.1  Thermal  Stability 

Thermal  stability  measurements  on  the 
Ti-5Al-2.  5Sn  alloy  made  by  comparing  room- 
temperature  properties  before  and  after  thermal 
exposure  (stressed  or  unstressed)  have  indicated 
that  this  alloy  is  metallurgically  stable  under  any 
conditions  of  stress,  temperature,  and  time  up  to 
the  annealing  temperature. 

The  only  changes  in  properties  due  to  thermal 
exposure  that  have  been  observed  are  believed  to 
be  traceable  to  the  relief  of  residual  stresses.  For 
example,  tensile  and  fatigue  specimens  prepared 
from  butt-fusion-welded  sheet  were  found  to  change 
in  strength  and  ductility  after  a  500-hour,  700  F 
exposure.  After  welding  and  before  exposure,  the 
specimens  were  stress-relief  annealed  for  30 
minutes  at  1200  F,  furnace  cooled  to  1000  F ,  and 
air  cooled.  A  fatigue- strength  improvement  of 
about  10  ksi  (smooth  specimens,  107  cycles)  was 
found  after  500  hours  of  exposure  at  700  F .  The 
tensile  data  are  shown  below. 

Yield  Strength,  ksi  El, 

Condition  Compression  Tension  % 

Before  exposure  135  132  8 

After  exposure  133  131  10 

1-2.  6.  4.  2  Chemical  Stability 

The  Ti-5Al-2.  5Sn  alloy  possesses  excellent 
corrosion  resistance  to  most  media  and  is  some¬ 
what  more  resistant  to  oxidation  at  temperatures 
up  to  1000  F  than  alpha-beta  alloys.  Surface  dis¬ 
colorations  arc  found  in  as  short  a  time  as  1  hour 
in  800  F  air  exposure,  but  at  1000  F,  scale  build 
up  does  not  occur  .on  Ti-5Al-2.  5Sn  as  early 
(>100  hours)  as  on  such  alloys  as  Ti-6A1-4V, 
Ti-8Mn,  and  Ti-2Fe-2Cr-2Mo.  Above  1000  F , 
scale  builds  up  in  shorter  times,  but  contamination 
beneath  the  scale  is  not  a  problem  below  1500  F 
(see  Figure  1-1.  6.  4.  2-1). 

The  hot-salt-stress  corrosion  of  Ti-5Al-2.  5Sn 
alloy  has  been  found  to  occur  at  600  F  and  up  in 
fairly  short-time  testing.  Data  from  References 


Stott,  kai 
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TABLE  1-2.6.  2-5.  RELAXATION  OF  Ti-5Al-2.  5Sn  AT  700  and  800  F<1,3,4> 


700  F 

800  F 

Initial  Stress, 

50C  -Hour 

Initial  Stress, 

500-Hour 

Condition 

ksi 

Stress,  ksi 

ksi 

Stress,  ksi 

Annealed 

55.0 

48.  0 

53.4 

43.5 

Cold  Drawn  Per  Cent 

55.2 

48.0 

53.2 

35.  0 

FIGURE  1-2.  6.  3.  1-1.  RELIEF  OF  RESIDUAL  STRESS  VERSUS  TIME  AT  700  F, 
900  F,  1100  F,  1200  F,  and  1300  F  IN  Ti-5Al-2.  5Snl2) 


TABLE  1-2.  6.  3.  2-1.  TENSILE  PROPERTIES  OF  ANNEALED  5A1-2.  5Sn  ALLOY 
EXTRUDED  AT  1700  F  (ALPHA-BETA  EXTRUDED)'1' 


Annealing  Treatment 


Tengtle  Strength 
Ultimate,  Yield, 

kai  ksi 


Elongation, 
%  in  4D 


Reduction  of 
Area,  % 


2100  F, 

water  quench 

153  1 

152.6 

12.5 

25.0 

2100  F, 

air  cool 

149.0 

138.8 

8.3 

15.2 

2100  F, 

furnace  cool 

151.  8 

141.2 

7.5 

13.9 

1850  F, 

water  quench 

146.3 

131.4 

16.7 

50.0 

1850  F, 

air  cool 

143.5 

139.0 

16.7 

45.7 

1850  F, 

furnace  cool 

144.2 

142,  2 

15.5 

43.7 

1600  F, 

air  cool 

138.4 

131.8 

16.7 

50.3 
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corrosion.  Work  at  Douglas  Aircraft  Company*^) 
identified  this  alloy  as  the  most  susceptible  when 
compared  with  Ti-8Al-lMo-lV ,  Ti-6A1-4V , 
Ti-4Al-3Mo- IV,  and  Ti-5Al-4FeCr  compositions. 

1-2.7  REFERENCES 


O  No  cracks 
®  Cracks  detected 
•  Complete  failure 
Numbers  are  exposures 
in  hours 


400  300  600  700  800  900 

Exposure  Temperature,  F 

FIGURE  1-2.  6.  4.  2- 1.  EFFECT  OF  EXPOSURE 
VARIABLES  ON  THE  OCCURRENCE  OF 
VISIBLE  SALT -STRESS  CORROSION  IN 
Ti-5Al-2.  5Sn  ALLOY*5' 61 

(5)  and  (6)  are  summarized  in  Figure  1-2.  6.  4.  2-  1 
that  also  show  'he  dependence  of  stress  for  the  ti¬ 
tanium  salt  reaction.  However,  the  data  are  sparse 
for  this  alloy,  and  those  data  available  do  not  clearly 
define  time,  temperature,  and  stress  variables 
that  are  required  to  cause  the  degradation  of  pro¬ 
perties.  It  is  quite  evident  too,  however,  that 
Ti-5Al-2.  5Sn  is  very  susceptible  to  salt-stress 


(1)  Robinson,  H.  A.,  "Compilation  of  Available 
Information  on  Ti-5Al-2.  5Sn  Alloy",  TML 
Memorandum  126,  Battelle  Memorial  Institute, 
Columbus,  Ohio  (July,  1957). 

(2)  Maykuth,  D.  J.  ,  "Stress  Relief,  Annealing, 
and  Reactions  with  Atmosphere  of  Titanium 

.  .id  Titanium  Alloys",  TML  Memorandum  118, 
Battelle  Memorial  Institute,  Columbus,  Ohio, 
(May,  1957). 

(3)  Gillig,  F.  J.  ,  Cornell  Aeronautical  Laboratory 
reports  on  stress  relief  and  relaxation  behavior 
of  titanium,  WADC  TR  55-410,  August,  1956, 
and  WADC  TR  55-458  (December,  1956). 

(4)  Sticha,  E.  A.  ,  "Relaxation  Behavior  of  Ti¬ 
tanium  Alloys",  WADC  TR  55-458,  Parts  I 
and  II,  1955. 

(5)  Body,  W.  K.  ,  and  Fink,  F.  W.  .  "The 
Phenomenon  of  Hot-Salt  Stress-Corrosion 
Cracking  of  Titanium  Alloys",  NASA  Report 
NASA  CR-117  (October,  1964). 

(6)  "Chloride  Stress  Corrosion  Susceptibility  of 
High  Strength  Stainless  Steel,  Titanium  Alloy, 
and  Superalloy  Sheet",  ML-TDR-64-44, 
Volume  II  (May,  1964).  Prepared  by  the 
Douglas  Aircraft  Company,  Incorporated. 
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1-3.0  GENERAL  REMARKS 

The  Ti-8A1- IMo- 1 V  alloy  was  first  develop¬ 
ed  ao  a  "super"  alpha  alloy  for  engine  use,  prin¬ 
cipally  as  forgings.  Only  one  grade  is  produced 
that  is  essentially  a  high-purity  grade  and  is  now 
available  in  forgings,  plate,  sheet,  bar,  wire,  and 
extruded  forms. 

1-3.  1  COMMERCIAL  DESIGNATIONS 

Forms 

Designation  Producer  Available!3) 


metallurgically  an  alpha-beta  alloy,  the  small 
amount  of  beta  stabilizer  in  this  grade  fiMo  +  IV) 
permits  only  small  amounts  of  the  beta  phase  to 
become  stabilized.  Thus,  the  alloy  is  also  pro¬ 
perly  known  as  a  near- alpha  alloy.  Although  it  has 
some  alpha-beta  characteristics  such  as  a  mild 
response  to  heat  treatment  to  increase  strength, 
and  microstructures  show  the  presence  of  beta 
phase  after  alpha-beta  thermal  exposure,  the  alloy 
maintains  several  alpha-alloy  characteristics  such 
as  good  elevated-temperature  creep  strength  and 
good  weldability. 


HA- 81 t 6 
No  designa¬ 
tion 

RMI-8A1- 

lMo-lV 

Ti-8Al-lMo 

IV 


Harvey  Aluminum  Co. 
Oregon  Metallurgical 
Corp. 

Reactive  Metals, 

Inc. 

Titanium  Metals 
Co  rp. 


B,  b,  E,  W 
B 


B,  b,  P,  S, 
E 

B,  b,  P,  S, 
s,  W,  E 


(a)  B  =  billet,  b  =  bar,  P  =  plate,  S  =  sheet, 
s  =  strip,  W  =  wire,  E  =  extrusions. 


1-3.2  ALTERNATE  DESIGNATIONS  (COMMON 
NAMES) 


The  beta  to  alpha-beta  transuc.  of  the  Ti-8A1- 
lMo-lV  alloy  is  approximately  at  1900  F  in  materi¬ 
al  having  normal  interstitial  content.  In  a  recent 
study  on  the  metallography  of  Ti-8A1- IMo- 1 VU), 
work  on  the  phase  relationships  in  this  alloy  in¬ 
dicated  that  the  beta-phase  transforms  to  marten¬ 
site  at  temperatures  in  the  alpha-beta  field  from 
the  transus  down  to  about  1650  F.  Below  this  tem¬ 
perature,  the  beta  phase  is  sufficiently  enriched 
in  molybdenum  and  vanadium  to  be  retained,  an 
shown  by  the  X-ray- diffraction  data  below. 

Quench  Temperature,  F  Percent  Retained  Beta 


G— 1—1  8Ai  super-alpha 
1-3.3  ALLOY  TYPE 

Near  alpha,  alpha-beta 

1-3.4  COMPOSITION  RANGE  OR  MAXIMUMS,  7o 


Major  Elements 


Interstitials 


Aluminum  7.  5-  8.  5 
Molybdenum  0.  75- 1.  25 
Vanadium  0.75-1.25 
Iron 


Carbon 

Nitrogen 

Oxygen 

Hydrogen 


0.  08 
0.  05 

—  (-0.  12) 
0.  015  (sheet 
and  plate) 
0.  0125  (bar) 
0.0100  (bil¬ 
let) 


1-3.5  SPECIFICATIONS 


AMS- 2241 
AMS- 2242 
AMS- 2249 

MIL-T-9046F  Type  II  (Comp.  F) 

1-3.6  ALLOY  DESCRIPTION  AND  METALLURGY 


1-3.  6.  1  Composition  and  Structure 

The  Ti-8A1- IMo-  IV  alloy  contains  a  rela¬ 
tively  large  amount  of  the  alpha  stabilizer,  alu¬ 
minum,  and  a  fairly  small  amount  of  the  beta 
stabilizers,  molybdenum  and  vanadium  (plus  iron 
as  an  impurity).  Although  this  alloy  is 
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In  another  study^),  it  was  found  that  the 
martensite  formed  at  elevated  temperatures 
decomposes  to  form  alpha  plus  beta  structures 
upon  tempering.  In  the  same  study,  it  was  found 
that  the  beta  phase  decomposes  during  tempering 
at  temperatures  below  about  840  F.  Below  about 
970  F,  the  alpha  phase  undergoes  a  metallurgical 
reaction  resulting  in  an  ordered  structure  (DO19 
type  superlattice)  of  the  same  kind  found  in  binary 
titanium- aluminum  alloys.  It  has  been  suggested 
that  the  presence  of  the  ordered  structure  is  re¬ 
sponsible  for  the  differences  in  mechanical  pro¬ 
perties  between  duplex  and  mill-annealed  material. 

1-3.  6.  2  Deformation  Practice  and  Effects 

The  practices  used  to  convert  ingots  to  mill 
products  of  Ti- 1A1- IMo- IV  alloy  usually  result  in 
a  mixed  two-phase  alpha-beta  structure.  Fabri¬ 
cation  and  heat-treatment  schedules  involving 
temperatures  above  the  beta  transus  temperature 
are  not  recommended  because  of  the  possibility  of 
surface  embrittlement  in  service  conditions  in¬ 
volving  tempo -atureu  above  850  F^.  However, 
initial  metal  \~orking  above  1900  F  is  safely  done 
if  followed  by  considerable  deformation  at 
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temperatures  below  the  beta  traasus.  Further, 
certain  primary  fabrication  operations,  such  as 
extrusion,  appear  to  result  in  good  combinations 
of  properties  even  though  deformation  is  accom¬ 
plished  in  the  beta  field.  Nevertheless,  unless  for 
the  development  of  some  particular  property  or  as 
necessitated  by  some  fabrication  process,  the  beta 
working  of  Ti-8Al-lMo-J  V  alloy  is  avoided.  Work¬ 
ing  at  temperatures  high  in  the  alpha-beta  field  is 
the  usual  practice. 

Sheet-metal-working  temperatures  (secon¬ 
dary  fabrication)  range  dc  award  from  about 
1450  F.  The  common  range  is  1200  to  1450  F. 
Lower  temperatures  than  1200  F  are  used  too  with 
appreciable  foiming  possible  even  as  low  as  room 
temperature.  The  Ti-8Al-lMo-lV  alloy  has  a  bend 
ductility  of  3  to  5  T,  MBR  (bend  radius  divided  by 
thickness)  at  room  temperature. 


1-3.  6.  3.  0  General  Remarks 

A  wide  variety  of  heat-treatment  conditions 
are  possible  with  the  Ti-8Al-lMo-lV  alloy.  A 
particular  condition  is  usually  selected  on  the  basis 
of  part  section  size,  fabrication  history,  utilization 
environment,  and  the  mechanical  properties 
desired.  Thick  section  product  for  engine  use 
may  be  most  desirable  in  a  condition  having  maxi¬ 
mum  creep  strength  for  example,  while  a  strut 
forging  may  need  to  have  good  toughness  at  the 
sacrifice  of  a  little  strength,  and  a  sheet  part 
might  end  up  in  a  heat-treated  condition  that  was 
most  producible.  Thick  section  product  may  be 
heat-treated  in  the  same  way  as  thin  section  pro¬ 
ducts,  but  properties  are  likely  to  differ  because 
of  differences  in  fabrication  history  and  the  effects 
of  section  size  on  cooling  rates.  Some  heat  treat¬ 
ments  possible  are  very  seldom  if  ever  used. 

1-3.  6.  3.  1  Stress-Relief  Annealing 


conditions  -  mill  and  duplex  annealed. 


TIME  AND  TEMPERATURE  ON  THE  RE¬ 
LAXATION  OF  RESTRAINED  BEND 
SPECIMENS  OF  MILL- ANNEALED  Ti- 
8A1-1MO-1V  SHEET*4'5) 

0.  056-inch  sheet  mill  annealed  at  1450  F 
for  8  hours,  then  cold  worked. 

1-3.  6.  3.  2  Annealing 

Annealing  heat  treatments  for  thick  section 
product  are  usually  of  the  duplex  type  involving 
solid- solution  equilibration  at  temperatures  bet¬ 
ween  1650  and  1850  F  followed  by  stabilization  an¬ 
nealing  between  1100  and  1375  F.  This  kind  of 
treatment  has  been  found  to  result  in  good  creep 
strength  for  applications  such  as  turbine  wheels 
and  blades. 


For  Ti-8A1- IMo- IV  material  that  contains 
residual  stresses  resulting  from  cold  forming, 
warm  forming,  or  welding,  it  is  useful  to  relieve 
these  stresses  by  annealing.  Stress-relief 
annealing  treatments  should  consist  of  thermal 
exposures  that  do  not  disturb  the  metallurgical 
stability  of  the  Ti-8Al-lMo-lV  alloy.  Annealing 
data  have  been  generated  between  1100  and  1450  F. 

It  was  found  that  m  about  2  hours  at  1100  F  to 
about  15  to  20  minutes  at  1450  F,  complete  re¬ 
laxation  occurred,  as  shown  in  Figure  1-3.  6.  3.  1-1. 
Differences  in  cooling  from  the  stress-relief  an¬ 
nealing  temperatures,  especially  if  temperatures 
on  the  high  side  of  the  range  are  used,  may  signifi¬ 
cantly  affect  mechanical  properties.  When  stress- 
relief  annealing  at  1400  to  1450  F,  it  is  possible 


In  the  case  of  small  section  size  product  such 
as  sheet,  production  is  usually  accomplished  by 
fabrication  in  the  alpha-beta  field.  This  is  followed 
by  mill  annealing  for  about  8  hours  at  1400  to  1450  F 
(typical).  Because  miil  annealing  is  usually  done 
on  large  quantities  of  material  at  one  time,  large 
furnaces  are  used  and  furnace  cooling  from  the 
annealing  temperature  is  slow.  Duplex  annealing 
is  simply  a  superimposition  of  another  1  /4-hour, 
1400  to  1450  F  treatment  on  mill- annealed  product, 
but  the  duplex- annealing  treatment  is  terminated 
by  air  cooling  (fast)  rather  than  furnace  cooling 
(slow).  Thick- section.  Hat-rolled  products  also 
can  be  supplied  in  the  mill-annealed  and  duplex- 
annealed  conditions  described  above  for  sheet. 


to  control  the  annealed  properties  by  thermal  ex- 
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joining  operations  may  require  reannealing  to  re¬ 
gain  the  properties  inherent  in  as-received  metal. 
This  in  effect  may  be  a  step  beyond  stresb-relief 
annealing,  although  it  may  be  accomplished  in 
much  the  Game  way.  Further,  creep  forming  may 
be  incorporated  in  the  reannealing  treatment  at 
temperatures  starting  from  about  1450  F.  In  the 
above  cases,  longer  exposure  time  followed  by 
slow  cooling  (at  about  100  F  per  hour  from  1450 
to  900  F)  results  in  the  mill-annealed  condition. 
Twenty  minutes'  exposure  followed  by  faster 
cooling  (1450  to  900  F  in  less  than  1  hour,  i.  e.  , 
a>r  cooling  quite  satisfactory)  results  in  the  duplex- 
annealed  condition.  Intermediate  cooling  rates 
result  in  mechanical  properties  which  are  inter¬ 
mediate  to  those  of  mill-  and  duplex- anre  aled 
material.  The  effect  of  cooling  rate  on  tensile 
properties  is  shown  in  Figure  1-3.  6.  3.  2-1^* . 
Material  that  has  been  cooled  at  a  faster  rate 
is  not  quite  so  strong  as  mill-annealed  nieial,  but 
is  tougher,  as  shown  below. 

Coodl-  UTS'*1,  TYS<*>,  El  JUtlo  of  Frxctur*  Tou-h- 
tion  k*i  k»l  %  NTS  to  vs  n«*«  (Ke),  kai/Io. 


MIU  so-  145  135  8-10  0.  55  138 

Mbled 

Duplex  135  125  8-10  0.95  250 

annealed 

(a)  Guaranteed  minimum*. 


FIGURE  1-3.  6.  3.  2-1.  EFFECT  OF  COOLING 
RATE  ON  THE  TENSILE  PROPERTIES 
OF  Ti-8Al-lMo-lV  SHEETS) 


Cooled  from  1450  F  after  heating  8  hours 

An  annealed  condition  called  a  triplex  an¬ 
nealed  condition  is  available  for  TI-8A1- IMo-  IV 


sheet  and  plate  products  also.  To  put  the  material 
into  this  condition,  the  producer  reheats  mill- 
annealed  material  to  1350  F,  holds  there  a  short 
time  (about  5  minutes),  and  air  cools  the  material 
to  room  temperature.  The  above  high-temp^rature 
treatment,  which  is  something  like  a  solution  hea. 
treatment,  is  followed  by  reheat  treatment  at  1375  F 
for  15  minutes  and  is  then  air  cooled.  The  1375  F 
treatment  is  a  short-fme,  high- temperature  aging 
treatment^).  The  mechanical  properties  of  the 
triplex-annealed  condition  are  much  like  those  of  the 
duplex- annealed  condition  --  lower  strength  than 
mill  annealed,  but  better  fracture  toughness  --  and 
at  least  one  investigation  has  shown  that  the  resis¬ 
tance  to  salt- stress  corrosion  of  triplex- annealed 
material  is  as  good  as  or  better  than  duplex- 
annealed  material.  Nevertheless,  the  triplex- 
annealed  condition  is  no  longer  popular.  This  is 
probably  due  to  the  lack  of  a  clear-cut  advantage  for 
it  and  to  the  complexities  of  achieving  it. 

With  the  advent  of  continuous  strip- rolled 
product,  it  is  very  possible  that  changes  in  rr.jll- 
processing  heat  treatment  and  user  heat-treatment 
techniques  will  be  required. 

i-3.  6.  3.  3  Strengthening  Heat  Treatments 

The  Ti-8A1- IMo- IV  alloy  may  be  strengthen¬ 
ed  by  solution  heat  treatment  followed  by  aging. 
Equilibration  heat  treatments  from  high  in  the  alpha- 
beta  field  (1650  to  1850  F)  followed  by  water  quench¬ 
ing  permit  subsequent  aging  of  the  meiastable  beta 
phase  stabilised  at  the  solution  temperature.  Aging 
is  usually  accomplished  at  intermediate  temper¬ 
atures  in  the  900  to  12C0  F  aging-temperature  range. 
However,  solution  heat  treatment  plus  aging  is  not 
a  popular  choice  for  the  treatment  of  Ti-8A1- 1Mo-1V 
alloy. 

1-  3,  6.  3.  3.  1  Solution  Annealing 

A.f  solulion-hcat-treatment  temperatures  are 
raised  from  a  point  above  the  annealing  temper¬ 
ature  up  to  about  1700  F,  the  effect  o-i  the  structure 
is  to  stabilize  an  increasing  amount  of  the  beta 
phnse.  An  increasing  amount  of  beta  phase  in  the 
structure  permits  increasing  aging  response. 

1-3,  6.  3.  3.  2  Aging  Heat  Treatments 

After  solution  heat  treatment  in  the  range  of 
1650  to  1850  F,  aging  occurs  in  os  short  a  time  as 
1  hour  at  temperatures  from  90C  to  1200  F.  Over¬ 
aging  is  observed  in  as  few  aa  2  to  3  hours  when  an 
aging  temperature  of  1200  F  is  used.  However, 
overaging  ie  not  found  at  1 100  F  in  times  up  to  50 
hours.  Both  1100  and  1000  F  appear  to  be  accept¬ 
able  aging  temperatures.  The  effects  of  several 
combinations  of  solution  and  aging  treatments  are 
shown  in  the  aummary  curves  ot  Figure 
1-3,  6.  3.  3.  2-lW. 
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1775  F  (5  MIN)  WQ  4  AGED  1825  F  (5  MIN)  WQ  t  AGED 

° - o  1000  F 

- A  noo  F 


FIGURE  1-3.  6,  3.  3.  2-1.  EFFECT  OF  AGING  TIME  AND  TEMPERATURE  ON  THE 
ROOM- TEMPERATURE  TENSILE  PROPERTIES  OF  0.  020- INCH  Ti-8A1- 
lMo-lV  SHEET  SOLUTION  TREATED  AT  1775  F  OR  1825  F<8) 


1-3.  6.  4  Stability 

The  thermal  stability  and  chemical  stability 
of  the  Ti-8A1- IMo- 1 V  ' iioy  are  not  well  defined. 
Stability  in  this  case  is  meant  as  no  change  in 
material  characteristics  as  influenced  by  the  ex¬ 
posure,  which  may  or  may  not  include  a  stress 
factor.  Time,  temperature,  and  stress,  and,  in 
addition,  chemical  environment  or  chemical 
stability,  are  known  to  be  interrelated  in  their 
effects  on  structure  and  associated  mechanical 
properties.  In  general,  Ti-8A1-  IMo-  IV  alloy  has 
been  shown  to  be  reasonably  stable,  as  would  be 
expected  on  the  basis  of  alloy  chemistry.  Under 
certain  conditions,  however,  significant  de¬ 
gradation  of  mechanical  properties  has  been  ob¬ 
served.  Intensive  study  of  these  conditions  is 


still  in  progress. 

1-3.  6.  4.1  Thermal  Stability 

Research- and-development  work  on  very 
early  material  (1959)  established  that  thermal 
stability  was  quite  dependent  on  fabrication  history, 
heat  treatment,  and  exposure  conditions.  Selected 
tensile  and  creep-stability  results  are  given  in 
Table  1-3.  6.4.  1-1  that  illustrate  the  effect  of 
several  variables  including  fabrication  history, 
heat  treatment,  and  exposure  temperature  and 
stress'  \  Table  1-3.  6.  4.  1-2  shows  the  inter¬ 
related  effects  of  time  and  stress  at  950  F  exposure 
on  a  single  condition^). 
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More  recently,  somelonger  time  tests  have 
been  used  to  determine  the  effects  of  thermal  ex¬ 
posure  on  the  properties  of  current  Ti-8A1-  IMo-lV 
products  namely  mill-annealed  and  duplex- 
annealed  sheet.  Many  of  the  tests,  after  exposures 
at  temperatures  in  the  range  expected  to  be  achie¬ 
ved  in  future  aircraft,  have  shown  no  degradation 
of  properties  under  some  rather  severe  conditions 
in  quite  long  times  (up  to  22,000  hours).  Other 
exposure  tests  have  indicated  that  properties  may 
change  significantly.  Some  of  the  exposures  and 
test  results  that  have  been  conducted  are  summar¬ 
ized  m  Table  1-3.  6.  4.  1-3'*°}.  The  results  of  a 
series  of  tests  conducted  at  The  Boeing  Company 
are  summarized  in  Table  1-3.  6.  4.  1-4(5). 


research  is  still  in  progress  to  determine  the 
conditions  under  which  salt-stress  corrosion 
significantly  degrades  mechanical  properties  and 
to  rate  the  sensitivity  of  Ti-SAl-5Mo-lV  with 
other  common  alloys. 

Figure  1-3.  6.  <!.  2-1  is  s  summary  of  the 
8-1-1  data  given  in  Reference*11'.  Based  on  these 
data,  salt- stress  corrosion  cracks  appear  at  all 
stress  levels  at  temperatures  of  750  F  and  up,  but 
higher  stresses  appear  to  be  required  as  exposure 
temperatures  are  lowered.  Exposure-time  effects 
are  not  clear,  except  that  only  a  short  time  is  re¬ 
quired  to  produce  corrosion  if  temperature  and 
stress  conditions  are  severe. 


While  it  is  quite  clear  that  most  of  the 
changes  in  properties  are  small  after  exposures 
involving  relatively  low'  temperatures,  stresses, 
and  long  times,  the  trend  of  property  degration 
is  equally  clear.  It  appears  likely  that  the  changes 
are  a  result  of  the  ordering  reaction  (see  1-3.  6.  1) 
occurring  in  these  exposures.  The  extent  of  pro¬ 
perty  degradation  as  a  result  of  the  relatively  low 
temperatures  and  stresses  after  very  long  times 
(30  to  50,000  hours)  is  not  known,  and  it  is  doubt¬ 
ful  that  it  can  be  accurately  predicted  based  on 
data  presently  available. 

1-3.  6.  4.  2  Chemical  Stability 

The  Ti-8A1- IMo-lV  alloy  has  essentially 
the  same  corrosion  resistance  as  all  titanium 
alloys  to  most  organic  salts  and  acids.  Also, 
resistance  to  oxidation  and  contamination  has  been 
found  to  be  good.  Surface  discolorations  appear 
in  lengthy  exposured  to  as  low  as  550  F  and  change 
color  and  texture  as  higher  temperature,  longer 
time,  or  more  severe  oxidizing  environments  are 
encountered.  While  definitive  data  are  not  avail¬ 
able,  it  is  believed  that  the  properties  of  Ti- 
8Al\aJMo-lV  alloy  are  relatively  unaffected  by  the 
small  amount  of  surface  oxide  formed  during  ser¬ 
vice  at  temperatures  up  to  about  900  F.  Of  course, 
exposure  time  is  a  factor,  and  significant  degra¬ 
dation  may  occur  in  very  long-time  exposures 
even  at  moderate  temperatures. 

The  reactivity  between  titanium  and  chloride 
salts  at  elevated  temperature  in  the  presence  of 
tensile  stresses  is  termed  salt-stress  corrosion 
and  results  in  the  degradation  of  mechanical  pro¬ 
perties.  As  in  the  thermal  reactivity  of  Ti-8Ai- 
lMo-lV,  time,  temperature,  and  stress  are  in¬ 
terrelated  with  respect  to  this  aspect  of  the 
alloys’  chemical  stability.  Under  severe  exposure 
conditions  of  time,  temperature  (~700  F),  stress 
and  chloride-ion  environment,  Ti-8AI- IMo- 1 V 
alloy  may  fail  catastrophically  as  a  result  of  the 
reaction.  The  results  of  several  investigations 
have  indicated  that  Ti-8Al-  IMo-  1 V  alloy  is  very 
sensitive  to  salt-stress  corrosion  compared  with 
some  other  common  titanium  alloys.  However, 
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FIGURE  1-3.  6.  4.  2- 1.  EFFECT  OF  EXPOSURE 
VARIABLES  ON  THE  OCCURRENCE  OF 
VISIBLE  SALT-STRESS  CORROSION  IN 
Ti-8A1- IMo-lV  ALLOY  (SEVERAL 
ANNEALS)*1  *) 


Long-time- exposure  tests  are  now  in  progress 
at  temperatures  between  45C  and  650  F  that  are 
aimed  specifically  at  determining  time  and  stress 
levels  necessary  for  salt-  ress  corrosion  as  it 
might  occur  in  advanced  aircraft.  Table  1-3.  6.4.  2-1 
presents  the  results  obtained  in  one  such  test  at  the 
Boeing  Company,  where  it  is  evident  that  property 
degradation  occurs  with  increasing  exposure  severi¬ 
ty.  However,  stress- corrosion  cracking  was  not 
observed  in  each  sample  showing  property  degrada¬ 
tion.  This  raises  the  question  as  to  whether  surface 
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TABLE  1-3.  6.  4.  1-1.  EFFECT  OF  THERMAL,  STRESSED  EXPOSURE  ON  THE  ROOM- TEMPERATURE 
TENSILE  PROPERTIES  OF  Tl-flAl-lMo-IV  ALLOy(®) 


Tensile  Properties 


Ultimata  0,  2%  Offset, 

Rolling  Exposure  Condition*  Tensile  Yield  Reduction 


Temperature 

F 

9 

Heat  Treatment 

Temp, 

F 

Stress, 

kal 

Time* 

hr 

Strength, 

ksl 

Strength 

ksl 

Elongation, 

% 

In  Area, 
% 

1 1/  16-Inch- Diameter  Bar 

1730 

1400  F,24  hr,  AC 

No  expo  lure  (control) 

136 

132 

18 

47 

1000 

15 

200 

147 

143 

18 

38 

1830 

1650  F,  1  hr,  AC  + 

No  expo »u re  (control) 

152 

148 

18 

40 

1100  F,  24  hr 

1000 

15 

150 

154 

146 

19 

40 

1000 

30 

150 

156 

143 

24 

40 

1930 

1650  F,  1  hr,  AC  + 

No  exposure  (control) 

166 

150 

17 

26 

1 100  F,  24  hr 

1000 

15 

150 

168 

148 

15 

21 

1000 

30 

150 

168 

146 

16 

18 

0.  063-Inch  Sheet 

1350 

17C0  F,  1/2  hr.  AC 

No  exposure  (control) 

147 

132 

15 

_  _ 

+  1400  F,2  hr 

300 

65 

150 

147 

134 

6 

1000 

25 

150 

155 

■  147 

19 

0.  040-Inch  Sheet  (Solution  Treated  and  Aged) 

,830 

1800  F,  5  min,  WO 

No  exposure  (control) 

171 

155 

5 

_  _ 

4  1000  F,  8  hr 

1000 

25 

150 

172 

155 

10 

-- 

:  I5C 

1800  F,5  min,  WQ 

No  exposure  (control) 

164 

152 

7 

-  - 

♦  1200  F,  8  hr 

1000 

25 

150 

172 

158 

6 

u 


TABLE  ’-3.  6.  4.  1-2.  EFFECT  OF  THERMAL  EXPOSURE  WITH  AND  WITHOUT 

STRESS  ON  THE  ROOM- TEMPERATURE  TENSILE 
PROPERTIES  OF  Ti-8A1-  IMo- 1 V  BAR  FORGED  AT 
1850  F 

Annealed  at  1650  F,  1  Hr, AC  4  1100  F,24  Hr, After  Forging*9) 


Tensile  Properties 


Exposure  Conditions 
essp ,  Screes,  Time, 

T  ksi  hr 

Ultimate 

Tensile 

Strength, 

ksi 

Yield 
Strength 
(0.  2%  Offset), 
ksi 

Elongation, 

% 

Reduction 
in  Area, 

% 

No  rapoa-re  (control) 

146 

140 

22 

28 

147 

136 

22 

30 

500 

JZ4 

145 

11 

12 

-  v  1  N  -  r*e 

1000 

16 1 

14 

18 

■  4-v 

714 

156 

1  37 

13 

15 

4-£ 

1219 

ISO 

140 

15 

21 

619 

154 

138 

10 

16 

Best  Available  Copy 
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TABLE  1-3.  6.  4.  1-3.  SELECTED  TEST  DAT/  'MOWING  THE  EFFECTS  OF  THERMAL  EXPOSURE  WITH  AND 
WITHOUT  STRESS  ON  THE  PPOPE1  TIES  OF  Ti-8A+-lMo-lV  ALLOY*10) 


Change  in  .ensile  Properties, 
_  %  of  control _ 


Sheet  Exposure  Conditions  Test  Yir’d 


Heat  Treatment  or 
Material  Condition 

Thick- 

.n 

Temp, 

F 

Stress , 
kei 

Time, 

hours 

Temp, 

F 

Ultimate 

Strength 

Strength 
(0.  2%  Offset) 

Elongation 

Mill  annealed 

-(a) 

No  exposure  (control) 

RT 

155  ksi 

145  ksi 

18% 

— 

650 

25 

15,000 

RT 

_  K 

+0 

*0 

— 

550 

67 

1,000 

RT 

5 

-4 

-11% 

-- 

550 

67 

22,000 

RT 

-6 

-5 

—  (a) 

-- 

No  exposure  (control) 

-11C 

175  ksi 

168  ksi 

16% 

— 

650 

25 

1,000 

-110 

-2 

-3.  5 

-18 

Duplex  annealed 

0.  025 

No  exposure  (control) 

RT 

157  ksi 

146  ksi 

17% 

0.  025 

550 

80 

1,500 

RT 

+3 

+2.7% 

-17 

0.  025 

No  exposure  (control) 

550 

124  ksi 

99  ksi 

13% 

0.  025 

550 

80 

1,500 

550 

i 0 

+0 

-23 

0.  050 

No  exposure  (control) 

RT 

142  ksi 

129  ksi 

14% 

0.  050 

650 

25 

1,000 

RT 

+5.6 

+3 

±0 

__ 

No  exposure  (control) 

RT 

147  ksi 

134  ksi 

14% 

-- 

650 

25 

1,000 

RT 

+6 «  8 

+8 

+  14 

— 

No  exposure  (control) 

400 

119  kei 

100  ksi 

15% 

— 

650 

25 

1,000 

400 

+8.4 

+4 

+0 

-- 

No  exposure  (control) 

o50 

110  ksi 

87  ksi 

14% 

— 

650 

25 

1,000 

650 

+3.  6 

+2.  3 

-28 

650 

25 

5,000 

650 

+7 

+5.7 

+7 

Duplex  annealed 

0.  060 

No  exposure  (control) 

RT 

149  ksi 

126  ksi 

8% 

and  arc  welded 

0.  060 

600 

0 

500 

RT 

+3.3 

+5.5 

-12 

0.  060 

500 

0 

500 

RT 

+0.  6 

-2.3 

+0 

TABLE  1-3.  6.  4.  1  -3.  (Continued) 


Change  in  Tensile  Properties, 
_ %  of  control _ 


Heat  Treatment  or 
Material  Condition 

Sheet 

Thickness, 

inch 

Exposure  Conditions 

T«mp,  Stress,  Thn*, 

F  kai  hra 

Test 

Temp, 

F 

Ultimate 

Strength 

Yield 
Strength 
(0.  2%  Offset) 

Elongation 

Duplex  annealed. 

0.  050 

No  exposure  (control1 

RT 

151  ksi 

-- 

fu.ion  welded. 

C,  050 

400 

25 

5,000 

RT 

-3.  3 

-- 

— 

and  planished 

-- 

650 

25 

1,000 

RT 

+6 

-- 

-- 

-- 

650 

25 

5,000 

RT 

+2 

-- 

-- 

0.  050 

No  exposure  (control) 

400 

124  kti 

-- 

0.  050 

400 

25 

5.000 

400 

-- 

-- 

-- 

650 

25 

1,000 

400 

-- 

-- 

-- 

650 

25 

5,  )00 

400 

+5 

-- 

0.  050 

No  exp-sure  (control) 

650 

11.  ksi 

-- 

-- 

0.  050 

400 

25 

5  /  w30 

650 

-4.  4 

-- 

-a 

- 

650 

25 

1,000 

650 

+  10.  7 

-- 

-- 

-- 

650 

25 

5,000 

650 

+  2.6 

-- 
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TABLE  1-3.  6.  4.  1-4.  EFFECT  OF  CYCLIC  AND  STEADY -STATE  EXPOSURE  ON 
ROOM -TEMPERATURE  TENSILE  PROPERTIES  OF 
DUPLEX -ANNEALED  T1-8A1- IMo- IV  ALLOY<5) 


Change  in  Tensile  Properties, 
Exposure  Conditions _ Test  _ %  of  control  _ 


Time, 

hrs 

Temperature 
State  F 

Stress 

State 

Stress, 

ksi 

Temp, 

F 

Ultimate 

Strength 

Yield 

Strength 

Elongation 

No  exposure  (controls) 

RT 

140  ksi 

128  k-ri 

16% 

500 

111  ksi 

89  ksi 

15% 

2000 

Steady 

500 

Steady 

0 

RT 

+2.  5 

+3 

-3 

5000 

Steady 

500 

Steady 

0 

500 

+  1 

-1 

-4 

2000 

Steady 

500 

Steady 

40 

RT 

+3 

+2 

-4 

2000 

Cyclic'3' 

500 

Cyclic  <b) 

40 

RT 

+  3 

+.  5 

-17 

2000 

Steady 

500 

Steady 

40 

500 

+3 

-13 

2000 

Cyclic^4) 

500 

Cyclic 

40 

500 

+4 

-2 

-18 

2000 

Steady 

650 

Steady 

40 

RT 

+5 

+2.  5 

-4 

5000 

Steady 

650 

Steady 

40 

RT 

+6.  5 

+3 

-19 

(a)  Temperature  changed  from  room  temperature  to  500  F  In  -10  minuter,  held  at  temperature  about  2.5  houn  and  cooled 
to  room  temperature  In  —10  minuter.  Cycle  then  repeated. 

(b)  Strett  applied  for  about  2.  t  hourr  out  of  evety  -3  hour  cycle.  Relaxation  to  zero-met'  conditlont  about  every  3  hourr. 


I  am*) 


■***&**/««►  "I 


'ABLE  1-  3.  6.  4,  2- 1.  EFFECT  OF  ELEVATED  TEMPERATURE  EXPOSURE  IN  THE  PRESENCE  OF  SALT  ON  THE 
PROPERTIES  OF  DUPLEX  ANNEaLED  TI-8A1-  IMo- IV  ALLOY  SHEET?5) 


Exposure  Conditions 

Change  in  Tensile  Properties, 
%  of  control 

Salt 

Application 

Temp, 

State 

Temp, 

F 

Stress, 

State 

Stress, 

ksi 

Time, 

hours 

Ultimate 

Strength 

Elongation 

None 

No  exposure  (control) 

134  ksl 

14% 

Dry  pack?*) 

Steady 

450 

Steady 

40 

2000 

+6 

+7 

Ditto 

M 

450 

II 

40 

5000 

+8 

*0 

tl 

II 

500 

II 

40 

1000 

+8  to  14 

-7  to  50 

II 

tt 

500 

II 

40 

2000 

+4.4  to  15 

Up  to  -70 

II 

II 

£00 

It 

40 

5000 

+3 

-85 

II 

II 

550 

II 

40 

1000 

-2  to  -22 

-28  to  -90 

It 

II 

600 

II 

40 

1000 

-51  to -59 

Failed 

None 

No  exposure  (control) 

141  kai 

16% 

Wet  solution?13) 

Cyclic?*3) 

550 

Stoady 

42 

~20o: 

+2.  8 

-18.  8 

Ditto 

II 

550 

II 

63 

—2000 

+4.  2 

-25 

II 

II 

550 

It 

77 

-2000 

+5.6 

-31  to  -38 

(*)  N*a  slurry  dried  on  iptcimen. 

(b)  Aqueous  solution  3. 6^  NiCJ. 

(c)  Tvo  end  ooe-hilf  hours  *t  temperature  followed  by  air  cooling  to  ambient  temperature,  dipped  in  salt  solution,  and  raised  again  to  elevated  temperature  ia  about 
20  minutes. 


effects  are  difficult  to  detect  or  whether  metallur- 
gical  instability  is  involved.  Insufficient  data  are 
presently  available  to  form  conclusions  However, 
an  investigation  at  the  Lockheed- California  Com¬ 
pany  has  show  .hat  in  salt-exposed  specimens, 
surface  damage  may  often  be  detected  using  dye- 
penetrant,  black-light  technique  prior  to  degra¬ 
dation  of  tensile  properties.  Conversely,  pro¬ 
perty  degradation  may  occur  without  surface- 
damage  detection. 

In  summarising,  Lhe  fact  that  aalt-stress- 
corrosion  failures  are  known  to  be  rare  in  ap¬ 
plications  such  as  engines  (where  conditions 
appear  to  be  relatively  severe),  is  emphasized. 
Study  in  all  other  exposure  conditions  is  too 
limited  to  permit  the  drawing  of  conclusions  ex¬ 
cept  that  salt- stress- corrosion  reactions  have 
been  observed  in  laboratory  tests  on  Ti-8Al-lMo- 
IV  alloy  over  a  wide  range  of  conditions. 

1-3.7  REFERENCES 

(!)  Austin,  D.  E.  ,  "Metallographic  Study  of 

Ti-8A1-  llwo-  1 V",  Boeing  document  T6-3114 
(/*  igust  31,  1964;  updated  April  26,  1965). 

(2)  Blackburn,  M.  J.  ,  "Phase  Transformations  in 
the  Alloy  Ti-6A1~  IMo-  1 V",  The  Boeing  Com¬ 
pany,  paper  presented  at  the  Fall  Program  of 
of  the  Metallurgical  Society  of  AIME  (1964). 

(3)  "Properties  of  Ti-8A1- IMo- IV,  .'he  High 
Strength  Ti'anium  Alloy  for  Superior  Re¬ 
sistance  to  Creep'',  TMCA  Lata  Memorandum. 


(4)  Day,  D.  L.  ,  and  Kessler,  H.  D.  ,  "Titanium 
Sheet  Rolling  Program  for  Ti-8A1- IMo- IV, 
Ti-5Al-5Sn-5Zr,  and  Ti-7A1- 12Zr",  Sumrqary 
Report  on  Contract  NOas  59-6227-c  (December, 
1961). 

(5)  Unpublished  data  from  The  Boeing  Company, 

(6)  Seagle,  S.  R.  ,  "Effect  of  Cooling  Rate  Trom 
the  Annealing  Temperature  on  the  Tensile  Pro¬ 
perties  of  Ti-8A1- IMo- IV  Sheet",  Reactive 
Metals  Memorandum  (February  19,  1964). 

(7)  "Ti-8A1- IMo- IV  Sheet  and  Plate  -  Conditions 
of  Heat  Treatment  Available  and  Their  Influ¬ 
ence",  TMCA  Data  Memorandum,  EFE 
(January,  1963). 

(8)  Preliminary  informal. „r«  reported  by  Titanium 
Metals  Corporation  of  America  under  Contract 
NOas- 59-6227-C. 

(9)  Soltis,  P.  J.  ,  "Evaluation  of  TMCA  Ti-8A1- 
lMo-lV  Alloy",  Report  No.  MAMC-AML-  1207, 
Naval  Air  Material  Center,  Aeronautical  Ma¬ 
terial  Center,  Aeronautical  Materials  Labor¬ 
atory  (March  24,  1961). 

(10)  Compilation  of  data  from: 

(a)  "Investigation  of  Long  Term  Exposure  Ef¬ 

fects  Under  Stress  on  SST  Structural 
Materials",  Report  NA-64-758,  North 
American  Aviation,  Incorporated  (July, 
1964). 

(b)  Freeman  and  Raring,  "Progress  Report  of 
the  NASA  Special  Committe  on  Materials 
Research  for  SST",  NASA  TN  D-1798  (May 
1963). 


1-3:67-10 


(c)  ’’Intermittent  Creep  and  Stability  Studies 

on  SST  Materials",  Report  AFML-TDR- 
64-138,  GD/Ft.  Worth  (March,  1964). 

(d)  Preliminary  information  reported  by  Lock¬ 
heed  Airplane  Company  under  Contract  AF 
33(657)- 11460. 

(e)  "Fracture  Toughness  and  Tear  Tests",  The 
Boeing  Company,  AF  33<657)-11461,  Pro¬ 
ject  648  D  (June,  1964/. 


(f)  "Thermal  Stability  of  Arc-Welds  in  TI-8A1- 
lMo-lV  Alloy",  TMCA  Data  Sheet  (April, 
1964). 

(11)  Boyd,  W.  K.  ,  and  Fink,  F.  W.  ,  "The 

Phenomenon  of  Hot-Salt  Stress  Corrosion 
Cracking  of  Titanium  Alloys",  NASA  Con¬ 
tractor  Report  NASA  Cr-117  (October,  1964). 


f 


1-4  Titanium  Ailoy  Ti-6 AI-4V 


1-4:67-1 


1-4.0  GENERAL  REMARKS 

Several  grades  of  Ti-6A1-4V  alloy  are  made, 
one  of  which  is  a  high- purity  grade,  ELi,  designed 
for  cryogenic  -»sage.  The  standard  grade  contains 
an  intermediate  amount  s.:  interstitial  element  and 
is  the  grade  used  for  airframe  application.  The 
Ti-6A1-4V  alloy  has  been  the  most  widely  used  of 
all  titanium  grades  and  is  readily  available  in  most 
mill  product  forms. 

1-4.  1  COMMERCIAL  DESIGNATION 


Designations  Producer 


Forms 

Available*3) 


C-120AV 

HA-6510 

OMC-165- 

A 

RMI-6A1- 

4V 

Ti-6A1-4V 


Crucible  Steel  Co. 
Harvey  Aluminum  Co. 
Oregon  Metallurgical 
Corp. 

Reactive  Metals,  Inc. 
Titanium  Metals  Corp. 


MET-RMD-1  Misco  Division,  How- 
_ met  Corp. 


B,b,P,W 
B,b,E,W 
B,  castings 

B,b, P,S 

B,b,P;S,W, 

E 

Castings 


(a)  B  =  billet,  b  =  bar,  P  =  plate,  S  =  sheet, 
s  =  strip,  W  =  wire,  E  =  extrusions. 


1-4.?.  ALTERNATE  DESIGNATIONS  (COMMON 
NAMES 


6-4,  IMI-318A  (British) 


1-4.3  ALLOY  TYPE 

Alpna-beta  (lean  beta  content) 


1-4.4 

COMPOSITION, 

RANGE  OR  MAXIMUMS 

Major 

Elements 

Standard  Grade 

ELI  Grade 

Ai 

5.  5-6.  75 

5.  5-6.  5 

V 

3.  5-4.  50 

3.  5-4.  5 

Fe 

0.  30 

0.  15 

Interstitial  Elements 

Standard  Grade 

ELI  Grade 

O 

0.  20 

0.  13 

C 

0.  10 

0.  08 

N 

0.  05 

0.  05 

H 

0,015  sheet 

0.  0125  bar 

0.  015  sheet 

1-4.5  SPECIFICATIONS 

AMS-491 1  MIL-T-9046F,  Type  III, 

Comp.  C 

AMS-4935  MIL-  T- 9047- Cl  5 

AMS-4928  T-  12117(0RD)C1 120 

OS- 10737 

OS- 10740 

1-4.6  DESCRIPTION  AND  METALLURGY 
1-4.  6,  1  Composition  and  Structured) 

The  Ti-6A1-4V  alloy  is  an  alpha-beta  alloy  in 
which  an  alpha  stabilizer,  aluminum,  and  a  beta 
stabilizer,  vanadium,  are  combined.  The  6  per¬ 
cent  aluminum  addition  raises  the  strength  of  the 
alpha  phase  by  a  solid-solution  strengthening 
mechanism,  while  the  beta  phase  may  be  strengthen¬ 
ed  by  precipitation  hardening  (of  alpha)  during  an 
aging  treatment.  The  relatively  high-alpha- 
stabilizer  content  is  both  beneficial  and  disadvan¬ 
tageous:  beneficial  since  it  imparts  strength  over 
the  entire  service  temperature  range  and  disadvan¬ 
tageous  from  the  standpoint  of  room-temperature 
formability.  However,  some  room-temperature 
forming  is  possible  (normally  3  to  5T  bends  are 
made  without  difficulty)  and  more  complex  forming 
is  possible  by  using  warm  forming  techniques. 

The  response  of  the  Ti-6A1-4V  alloy  to  heat 
treatment  and  the  types  of  microstructures  re¬ 
sulting  from  these  heat  treatments  can  be  discussed 
in  terms  of  the  phase  relationships.  A  schematic 
vertical  section  of  the  ternary  diagram  is  shown  in 
Figure  1-4.  6.  1-  1, 


Vanadium,  per  cent 

FIGURE  1-4.6.  1-1.  SCHEMATIC  DIAGRAM  SHOW¬ 
ING  THE  PHASE  RELATIONSHIPS  FOR 
THE  Ti-6A!-4V  ALLOY*1) 

Annealing  temperatures,  indicated  by  Point 
A,  usually  are  in  the  range  from  1200  to  1400  F. 

The  resulting  structure  is  mainly  alpna  phase,  with 
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beta  retained  in  the  grain  boundaries.  This  high 
proportion  of  alpha  is  a  result  of  the  relatively  high 
solubility  of  vanadium  in  alpha  and  the  presence  of 
aluminum,  an  alpha  stabilizer.  By  solution  an¬ 
nealing  and  quenching  from  temperatures  higher 
in  the  alpha- beta  field  (Points  B  to  C),  the  alloy 
can  be  strengthened  by  subsequent  aging.  This 
increase  in  heat-treatment  response  la  caused 
both  by  the  increased  amount  of  beta  phase  in  the 
structure  and  the  change  in  alloy  content  of  the 
beta  phase  with  increasing  temperature.  As  the 
solution-annealing  temperature  is  increased,  the 
vanadium  content  of  the  equilibrium  beta  phase 
eventually  is  lowered  below  the  limit  at  which  beta 
phase  is  retained  on  quenching;  the  beta  trans¬ 
forms  partially  to  alpha  prime  (martensite)  after 
solution  annealing  at  about  1750  F,  whereas  at 
1550  F,  beta  is  retained.  At  the  latter  solution¬ 
annealing  temperature,  however,  the  beta  phase 
is  mechanically  unstable  after  quenching,  and 
martensite  can  then  be  formed  during  plastic 
straining.  This  condition  is  characterized  by  a 
low  ratio  of  yield  to  ultimate  tensile  strengths. 
Maximum  he  at- treatment  response  is  attainable 
after  solution  annealing  in  the  beta  field  (D); 
however,  the  strength  increase  is  offset  by  a  con¬ 
siderable  loss  of  ductility  ensuing  from  the  trans¬ 
formed  structure,  so  that  solution  anneals  usually 
are  not  carried  out  in  the  all-beta  range  but  rather 
from  intermediate  to  high  in  the  r.lpha-beta  range 
(Points  B  to  C). 

The  general  effects  of  carbon,  oxygen,  and 
nitrogen  on  the  Ti-6A1-4V  alloy  can  be  summari¬ 
zed  as  follows: 

(1)  The  beta-transua  temperature  is  in¬ 
creased  with  increased  amounts  of  the  inter¬ 
stitials. 

(2)  An  increaee  in  strength  occurs  with  in¬ 
creased  interstitial  content.  At  low  temperatures, 
<-320  F,  particularly  when  severe  stress  systems 
are  involved,  brittleness  in  high- interstitial- 
content  alloys  may  occur.  At  intermediate  tem¬ 
peratures,  up  to  500  F,  an  improvement  in 
strength  without  an  adverse  loss  of  ductility  is 
found.  The  strengthening  effect  of  the  interstitials 
decreases  with  increasing  temperatures. 

(3)  The  transformation  kinetics  of  the  beta- 
to-alpha  reaction  are  accelerated  by  the  presence 
cf  these  intei stitials  dissolved  in  the  beta  phase. 
However,  for  materials  containing  normal  inter¬ 
stitial  levels  solution  annealed  in  the  alpha-beta 
field,  rnoet  of  the  interstitial  content  is  pre¬ 
ferentially  dissolved  in  the  alpha  phase,  so  that 
little  or  no  effect  on  the  transformation  kinetics  is 
observed. 

(4)  Notch  sensitivity  n  increased  with  in¬ 
creasing  interstit.al  content.  The  notch  tensile 
properties  of  the  T1-6A1-4V  alloy  at  different  levels 


of  interstitial  content  have  been  investigated.  It 
was  found  that  the  notch  sensitivity  is  increased  by 
increased  interstitial  .ontent,  v  ith  the  effects  be¬ 
coming  more  pronounced  at  low  testing  temper¬ 
atures. 

The  adverse  effects  of  hydrogen  in  titanium 
alloys  have  been  the  subject  of  numerous  investi¬ 
gations.  It  appears  that,  in  comparison  w'th  other 
alpha-beta  alloys,  the  Ti-6A1-4V  alloy  is  relatively 
insensitive  to  hydrogen  embrittlement  so  long  as  the 
hydrogen  content  is  kept  within  specifications. 

Like  other  alpha-beta  titanium  allots,  the 
Ti-CA1-4V  allay  exhibits  sensitivity  to  slow-Btrain 
embrittlement  when  the  hydrogen  content  is  exces¬ 
sive.  It  has  been  postulated  that  this  is  a  form  of 
strain  aging,  in  which  the  precipitation  of  titanium 
hydtide  at  an  interface  under  strain  is  the  em¬ 
brittling  mechanism.  Boom-temperature  stress- 
rupture  tests  on  notched  and  unnotchcd  specimens 
have  been  used  to  evaluate  the  embrittling  effects 
of  hydrogen.  With  one  exception,  the  hydrogen 
tolerance  in  all  the  conditions  tested  was  greater 
than  200  ppm,  as  established  by  the  unnotched 
stress-rupture  test:  the  one  exception  was  heat 
treated  to  produce  a  very  coarse  alpha  grain  size 
and  had  a  continuous  beta  matrix:  it  is  not  re¬ 
presentative  of  material  encountered  in  commercial 
usage. 

The  interstitial  elements,  carbon,  oxygen, 
and  nitrone.-,  are  known  to  increase  the  beta- 
transus  temperature.  The  alpha-beta  to  beta  tran- 
sus  is  about  1820  F  for  the  Ti-6A1-4V  alloy.  For 
the  annealed  condition,  strengths  are  increased 
without  an  appreciable  loss  of  ductility  when  moder¬ 
ate  amounts  of  interstitials  are  present.  In  the 
optimum  heat-treatec.  conditions,  tensile  strengths 
are  increased,  while  still  retaining  acceptable  duc¬ 
tilities. 

1-4.  6.  2  Deformation  Practice  and  Effects 

Forging  breakdown  of  Ti-6A1-4V  ingots  is 
done  at  temperatures  r-eging  from  high  in  the  alpha- 
beta  field  to  slightly  above  the  beta-transus  temper¬ 
ature.  Subsequent  forging  is  generally  done  at  the 
lowest  temperature,  below  the  beta  transus,  where 
the  alloy  poesesses  the  required  fabricability.  Such 
practice  minimizes  oxidation  and  air  contamination 
and  produces  an  alpha-beta  structure  having  good 
ductility.  The  following  forging  temperatures  have 
been  recommended: 

Breakdown  Temperature ,  F  Finish  Temperature , F 
1750-1850  1650-1750 

Primary  working  of  Ti-6A1-4V  at  temper¬ 
atures  entirely  in  the  beta  field  has  been  considered 
undesirable  because  of  the  reduced  ductility  of  the 
result>ng  acicul&r  or  Widmanstatten  alpha-beta 
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structure.  Recent  evidence,  however,  suggests 
that  beta  processing  can  produce  increased  frac¬ 
ture  toughness,  after  heat  treatment,  while  af¬ 
fording  improved  fabricability  due  to  the  higher 
processing  temperature.  *2)  Where  secondary 
formability  in  the  finished  product  is  not  a  major 
consideration,  the  benefits  of  increased  fracture 
toughnepo  may  greatly  offset  the  loss  of  tensile 
ductility  in  such  beta-processed  material.  Ac¬ 
cordingly,  beta  processing  will  most  probably 
be  restricted  to  mill  products  of  moderately 
heavy  section  size,  e.  g.  ,  to  extrusions,  forgings, 
and  plate,  as  opposed  to  thin-gage  sheet.  Pro¬ 
perties  of  pancake  forgings  produced  by  conven¬ 
tional  forging  and  beta  forging  are  compared  in 
Table  1-4.  6.  2-1. 

Beta-worked  forgings  also  exhibited  equiva¬ 
lent  notched-fatJgue  properties  compared  with 
alpha-beta  processed  material.  These  data  are 
shown  in  Figure  1-4.  6.  2-1.  *2) 

TABLE  1-4.  6.  2-1.  PROPERTIES  OF  CONVENT! 

FORC~NGs(2)(a) 


Elevated-temperature  forming  operations  are 
used  to  form  thin- section  products  from  TI-6A1-4V. 
A  400  to  600  F  temperature  range  is  used  for  form¬ 
ing  in  the  hydropress  operation,  while  higher  tem¬ 
peratures  900  to  1600  F  are  used  in  a  variety  of 
operations  from  hydroforming  to  ipinning.  Room- 
temperature  forming  is  used  exteneively  too  in 
operations  that  do  not  require  severe  deformation. 
The  advantages  of  elevated  temperatures  for  form¬ 
ing  are  illustrated  by  the  following  bend- test  data. 

Test 

Temperature,  Minimum  Bend  Radius, 

F  radius-to-thickness  ratio 


RT 

4.  5  to  5. 0 

400 

—  3.  5 

600 

3.  0  to  3.  5 

800 

-3.0 

1000 

2.  5  to  3.  0 

1200 

2.  0  to  2.  5 

1400 

-  2.0 

1600 

-  2.  0 

AND  BETA- PROCESSED  Ti-6A1-4V 


Forging  Condition 

Heat  Treatment 
After  Forging 

Ultimate 

Tensile 

Strength, 

ksi 

Yield 

Strength, 

ksi 

Elongation, 

% 

Reduction  in 
Area,  % 

Klc,(b> 
ksi  /in. 

Alpha  +  beta 

1725  F  1  hr;  WQ  + 
1000  F  4  hr;  AC 

167 

154 

13 

48 

45 

Alpha  +  beta 

1300  F  2  hr;  AC 

145 

135 

15 

41 

56 

Beta 

1725  F  I  hr:  WQ  + 
1000  F  4  hr;  AC 

168 

148 

10 

29 

70 

Beta 

1300  F  2  hr;  AC 

142 

129 

13 

35 

91 

(a)  Properties  were  determined  on  longitudinal  specimens. 

(b)  Kic  values  determined  on  fatigue-cracked  single-edge-notched  specimens  using  four  point  loading. 


FIGURE  1-4.6.  2-1.  NOTCHED  FATIGw/  PROPERTIES  OF  Ti- 
6A1-4V  FORGINGS,  CONVENTIONALLY  AND  BETA 
PROCESSED*2) 
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Moderate  elevated  temperatures  also  increase 
uniform  elongation,  although  sufficient  uniform 
elongation  exists  at  room  temperature  to  permit 
many  forming  operations.  Forming  is  approxi¬ 
mately  equivalent  for  Ti-6A1-4V  alloy  in  either 
the  annealed  or  solution-heat-treated  conditions. 

The  introduction  of  plastic  strain  at  temper¬ 
atures  below  the  recrystallization  temperature 
produces  residual  stress.  For  example,  the  bend¬ 
ing  and  stretch  forming  of  sheet-metal  parts,  or 
strains  caused  by  the  assembly  of  parts,  may  re¬ 
sult  in  high  internal  stresses  without  external 
loading.  Further,  the  Bauschinger  effect,  a  de¬ 
crease  in  yield  strength  in  a  direction  opposite 
to  plastic  straining,  may  adversely  affect  the 
performance  of  the  final  part.  *** 

Data  concerning  the  Bauschinger  effect  and 
the  results  of  stress-relief  anneals  on  the  Ti-641- 
4V  alloy  have  been  summarized  from  work  done 
at  Con,  air: 

(1)  As-received  material  strained  in  tension 
to  a  1  percent  permanent  set  exhibited  a  40  per¬ 
cent  loss  in  compressive  yield  strength. 

(2)  Heat-treated  mate,  ial  (solution  an¬ 
nealed  2  hours  at  1500  and  1650  F,  quenched, 

and  a-’ed  6  hours  at  500  F),  and  strained  in  tension 
to  a  »  percent  permanent  set,  exhibited  a  45  per¬ 
cent  loss  in  compressive  yield  strength. 

(3)  After  straining  in  tension  to  a  1  per¬ 
cent  permanent  set,  solution  treatment  and  aging 
(not  specified)  completely  restored  the  com¬ 
pressive  yield  strength. 

(4)  For  material  solution  annealed  at  1500 
and  1650  F,  quenched,  strained  in  tension  to  1 
percent  permanent  set,  and  aged  6  hours  at  500  F, 
the  compreasive  yield  strength  was  93  percent 
that  of  the  unstrained  material. 

(5)  Solution  treatment  at  1550  and  1650  F, 
followed  by  straining  in  tension  to  a  1  percent 
permanent  set,  and  aging  for  6  hours  at  1000  F, 
gave  complete  recovery  of  compressive  yield 
strength  for  the  material  solution  treated  at  1550 
and  94  percent  recovery  for  the  material  solution 
treated  at  1650  F. 

(6)  Solution  treatment  and  aging  (not 
specified),  following  extension  to  a  3  percent 
permanent  set  gave  98  percent  recovery  of  com¬ 
pressive  yield  strength. 

Thus,  a  complete  solution- annealing  and 
aging  treatment  may  be  expected  <o  restore 
nearly  all  the  compressive  y!eld  strength  after 
straining.  If  the  material  is  strained  after  solu¬ 
tion  treatment  and  then  aged,  a  large  proportion 
of  the  compressive  yield  strength  is  re&tored. 


1-4.  6,  3  Heat  Treatment  Practice  and  Effects 
1-4.  6.  3.0  General  Remarks 

Heat  treatment  of  the  Ti-6A1-4V  alloy  is  used 
to  impart  the  desired  combinations  of  strength, 
ductility,  and  thermal  stability  to  the  final  product. 
The  following  sections  summarize  the  available 
data  for  stress- relief,  annealing,  and  solution- 
plus- aging  heat  treatments. 

1-4.  6.  3.  1  Stress- Relief  Annealing 

Stress- reliaf  annealing  treatments  are  in¬ 
tended  to  relieve  the  residual  stresses  and  to  re¬ 
store  yield  strength  without  otherwise  affecting 
mechanical  properties.  Anneals  for  periods  of 
1/2  to  1  hour  in  the  temperature  range  of  1000- 
1200  F  are  commonly  used  for  this  purpose.  In 
some  applications,  the  stress- relief  anneal  can  be 
done  in  fixtures  to  remove  springback  or  warpage 
introduced  by  the  forming  operation.  Data  showing 
the  experimental  relaxation  of  residual  stress  are 
given  in  Figure  1-4.  6.  3.  1- 1 *4). 


FIG”'  E  1-4.  6.  3.  1-1.  RELIEF  OF  RESIDUAL 

STRESS  VERSUS  TIME  AT  500  F,  700  F, 
900  F,  HOC  F,  AND  1150  F  FOR  Ti-6A1- 
4V  ALLOY*4* 

Section  size,  prior  history,  and  ti'e  degree  of 
stress  relief  desired  determine  the  magnitude  of  the 
required  stress- relief  anneal.  To  minimize  oxi¬ 
dation,  it  >s  preferable  to  hold  the  time  and  tem¬ 
perature  as  low  as  possible. 

1-4.  6.  3.  2  Annealin? 

Annealing  heat  treatments  for  the  T1-6A1-4V 
alloy  usually  are  for  1  to  2  hours  at  1300  to  1500  F, 
followed  by  furnace  cooling  to  about  1 100  F,  then 
air  cooling  to  room  temperature.  Variations  in 
time  of  exposure,  temperature  range,  and  cooling 
rates  are  usad,  depending  on  user  experience  and 
part  size.  The  section  size  may  be  of  importance 
as  it  affects  the  cooling  rate,  ior  example,  slow 
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cooling  of  larger  sections  is  helpful  in  preventing 
warpage  and  the  introduction  of  residual  stress 
from  inhomogeneous  cooling.  Regardless  of  the 
variation  in  technique,  the  annealing  treatment  is 
designed  to  achieve  a  mixed  alpha-beta  structure 
that  is  ductile  and  stable.  Most  of  the  Ti-6A1-4V 
alloy  supplied  by  the  producers  is  supplied  in  the 
annealed  condition. 

Duplex  annealing  of  Ti-6A1-4V  has  also  been 
investigated  and  found  to  produce  slightly  better 
fracture  toughness  and  resistance  to  crack  growth 
in  salt  water  than  conventional  mill  annealing.  The 
duplex  method  consists  of  annealing  first  at  a  tem¬ 
perature  high  in  the  alpha-beta  field,  such  as 
1750  F,  then  air  cooling  to  room  temperature, 
followed  by  reannealing  at  a  stabilization  temper¬ 
ature,  such  as  1250  F,  and  air  cooling.  Ten 
minutes  of  exposure  to  the  high  temperature  and 
4  hours'  exposure  to  the  lower  temperature  pro¬ 
duce  the  above-mentioned  improvements  in  tough¬ 
ness  and  crack  growth  rates  in  salt  water  at  about 
the  same  strength  level  achieved  by  mill  an¬ 
nealing.  (2) 

1-4.  6.  3.  3  Strengthening  Heat  Treatments 

High  strengths  arc  attainable  in  the  Ti-6A1- 
4V  alloy  through  a  solution-annealing  and  aging 
heat-treatment  process.  A  considerable  amount  of 
data  have  been  accumulated  showing  effects  of 
different  cycles  of  solution  annealing  and  aging  on 
mechanical  properties.  There  is  general  agree¬ 
ment  that  desirable  properties  are  obtain  2  by 
solution  annealing  in  the  temperature  rar.ge  of 
1550  to  1750  F,  quenching,  and  aging  at  temper¬ 
atures  from  900  to  1100  F.  M 

1-4,  6.  3.  3.  1  Hardcnability 

The  hardenability  of  the  heat-treatable  titani¬ 
um  alloys  is  measured  by  their  ability  to  be  cooled 
from  the  solution- annealing  temperature  without 
transformation  of  the  beta  phase  to  omega  or  alpha. 
The  standard  Jominy  end-quench  test  frequently 
is  used  to  measure  hardenability. 

In  compariaion  with  many  alloy  steels,  ti¬ 
tanium  alloys  are  relatively  shallow  hardening. 
This,  in  part,  is  a  result  of  their  low  thermal 
conductivity.  It  should  tje  noted  that  steels  are 
quenched  to  a  relatively  hard  martensite  condition, 
whereas  titaniu  i  alloys  are  quenched  to  a  rela¬ 
tively  soft  condition.  Figure  1-4.  6.  3.  3.  1-1  shows 
a  series  of  end-quench  hardenability  curves  for 
Ti-6A1-4V  alloy  with  various  interstitial  contents; 
all  these  were  solution  treated  100  F  above  the 
beta  transus.  The  high  hardness  near  the  quench¬ 
ed  end  indicates  shallow  hardenability,  i.  e.  , 
hardness  nas  been  increased  through  beta  de¬ 
composition  during  cooling.  Figure  1-4.  6.  3.  3.  1-2 
represents  the  effects  of  section  size  on  the  Ti- 
6A1-4V  alloy  quenched  from  1550  F,  and  also 


includes  the  hardness  after  aging  24  hours  at  900  F. 
It  can  be  seen  that  even  at  distances  as  great  as 
3  to  4  inches  from  the  quenched  end,  there  still  is 
an  appreciable  aging  response;  however,  the 
strength  near  the  centers  of  large  sections  is  ap¬ 
preciably  lower  than  that  obtained  in  small  sections. 
This  is  further  demonstrated  by  the  data  of  Figure 
1-4,  6.  3.  3.  1-3.  In  practice,  full  strength  in  Ti- 
CA1-4V  sections  over  about  1  inch  in  thickness  is 
not  expected.  Other  titanium  alloys  can  be  harden¬ 
ed  in  thicker  sections,  as  shown  previously  in  Tab¬ 
le  1-0.  0-1. 

1-4.  6.  3.  3.  2  Solution  Annealing 

The  solution-annealing  treatment  selected  for 
a  given  application  is  based  on  the  desired  mechani¬ 
cal  properties  and  section  size  of  the  material.  In 
general,  for  both  aged  and  unaged  material,  the 
tensile  strength  is  increased  by  an  increased  solu¬ 
tion  temperature.  Figures  1-4.  6.  3.  3.  2- 1  and 
1-4.  6.  3.  3.  2-2  show  typical  tensile  properties  in 
the  solution-treated  and  in  th»  solution-treated  and 
aged  conditions,  respectively,  for  a  number  of 
solution  temperatures  and  aging  cycles.  Maximum 
ductility  in  the  solution-treated  condition  is  ob¬ 
tained  at  about  1550  F;  this  may  be  of  considerable 
importance  in  sheet  applications  in  which  forming 
operations  are  necessary.  The  minimum  in  the 
ratio  of  yield-to-ultimate  tensile  strengths  is  low 
{approximately  0.  70),  also  indicative  of  good  form- 
ability.  Where  maximum  strength  is  required, 
solution  treatment  at  a  higher  temperature  is  used: 
1700  to  1750  F  usually  is  recommended. 

The  solution  temperature  is  effectively 
lowered  when  the  piece  is  not  immediately  quench¬ 
ed.  The  effects  of  various  time  delays  before 
water  quenching  on  tensile  properties  are  shown  in 
Figure  1-4.  6.  3.  3.  2-3  for  two  solution  temperatures. 

1-4.  6.  3.  3.  3  Aging  Heat  Treatments 

The  aging  ■  *  Ti-6A1-4V  alloy  may  be  ac¬ 
complished  in  exposures  of  from  1  to  24  hours  in 
the  temperature  range  of  900  to  1100  F.  Over- 
agirsg  occurs  at  temperatures  above  this  range,  at 
a  considers,  le  sacrifice  in  strength  and  only  a 
slight  improvement  in  ductility.  Figure 
1-4,  6.  3.  3.  3-1  shows  the  effect  of  aging  time  at 
900  F  on  the  tensile  properties  of  specimens 
solution  treated  at  1550  F.  It  is  seen  that  the 
properties  remain  essentially  unchanged  after  an 
aging  time  of  about  8  hours.  Aging  treatments  in¬ 
crease  the  strength  of  Ti-6A1-4V  metal  through  the 
formation  of  transformation  products,  primarily 
alpha  from  beta. 

Properties  of  aged  Ti-6A1-4V  forgings,  pro¬ 
cessed  in  the  beta  field,  were  compared  with  the 
properties  of  aged  alpha-beta  processed  material 
in  Table  1-4.  6.  2-1.  A*  shown  in  that  table,  a  55 
percent  increase  *n  fracture  toughness  was  achieved 
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FIGURE  1-4.  6.  3.  3.  2-2.  THE  COMBINED  EFFECT  OF  SOLUTION  TEM¬ 
PERATURE  (1  HOUR),  AGING  TEMPERATURE,  AND  AGING  TIME 
ON  THE  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Ti- 
6A1-4V  5/8-  INCH- DIAMETER  BAR(l> 
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FIGURE  1-4.  6.  3,  3.  2-3.  THE  EFFECT  OF  DELA  /ED  WATER  QUENCHING  FROM 
1750  AND  1550  F  ON  THE  TENSILE  PROPERTIES  OF  Ti-6A1-4V  ALLOY**) 
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FIGURE  !-4.  6.  3.  3.  -1.  THE  EFFECT  OF  AGING 
TIME  '9  F  ON  THE  TENSILE  PRO¬ 
PERTIES  v.  SPECIMENS  SOLUTION 
TREATED  *  1  1550  F(1) 

in  aged,  beta-forged  material  over  that  produced 
in  conventionally  processed  material  by  the  same 
STA  treatment. 

Overaging  of  Ti-6A1-4V  further  increased 
fracture  toughness  at  the  expense  of  strength  for 
both  beta-processed  and  conventionally  processed 
plate.  Data  showing  these  effects  of  overaging  are 
given  -*n  Table  1-4.  6.  3.  3.  3-1.  ^ 

1-4.  6.  4  Stability 


The  Ti-6A1-4V  alloy  has  the  ability  to  retain 
the  original  mechanical  properties  after  prolonged 
exposure  at  elevated  temperature  in  a  variety  of 
environments.  Certain  environments  can  cause 
either  embrittlement  or  softening  --  embrittlement 
by  hot-salt  stress  corrosion,  softening  by  high 
elevated-temperature  exposure  fo:  example  --  but 
in  general,  under  ordinary  service  conditions,  the 
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Ti-6A1-4V  alloy  is  considered  stab'e.  Changes  in 
properties  are  usually  well  within  the  acceptable 
limits  of  stable  behavior. 

1-4.  6.  4.  1  Thermal  Stability 

The  thermal  stability  of  Ti-6A1-4V  alloy  of 
course  depends  largely  upon  its  heat-treated  con¬ 
dition.  Elevated-temperature  exposure  of  solution- 
heat-treated  material  will  result  m  an  aging  re¬ 
action,  the  extent  of  which  depends  on  exposure 
conditions,  and  may  lead  to  an  increase  in  strength 
and  decrease  in  ductility.  While  it  would  appear 
to  be  unnecessary  to  refer  to  elevated-temperature 
service  exposure  of  solution-treated  metal,  it 
should  be  kept  in  mind  that  some  forming  operations 
are  performed  in  the  solution- heat-treatment  tem¬ 
perature  range.  In  these  cases,  the  material 
shouia  either  be  aged  or  annealed  prior  to  service 
in  order  to  stabilize  the  structure.  One  effect  of 
long-time  service  exposure  on  solution-treated 
material  (effectively  long  time  aging)  is  shown  be¬ 
low. 


930  F  Exposure 
Time,  hours 
(unstressed) 


Room-Temperature  Tensile  Pro- 
perties  of  1560  F  Treated  Bar^) 
0.  2%  Offset 
UTS,  YS, 

ksi  ksi  Elongation,  % 


50  144  140 

500  135  134 


12 

13 


The  stressed  thermal  stability  of  annealed 
Ti-6Al-4V  alley  is  indicated  on  the  next  page  as  well 
as  in  Figure  1-4.  6,  4.  1-  1. 


TADLE  1-4.  6.  3.  3.  3-1.  EFFECTS  OF  OVERAGING  ON  STRENGTH  AND 
FRACTURE  TOUGHNESS  OF  Ti-6A1-4V<2) 


t 

! 


I 


i 


i 

i 


Ultimate 

Tensile 


Type  of  Processing 

Heat  Treatment 

Strength, 

ksi 

Klc' 
ksi  , 

Conventional, 

1725  F,  WQ  +  Aged  1000  F, 

173 

49 

alpha-beta  processing 
Conventional, 

4  hr,  AC 

1725  F,  WQ  +  Overaged 

157 

60 

alpha-beta  prc.ccssing 
Beta  processed 

1250  F,  4  hr,  AC 

1725  F,  WQ  +  Aged  1000  F, 

168 

83 

Beta  processed 

4  hr,  AC 

1725  F,  WQ  +  Overaged 

153 

92 

1250  F,  4  hr,  AC 


j 

I 

I 


100-Hour,  750  F,  Stressed  Thermal  Ex¬ 
posure  at  1290  F  (15  Hours)  of  Annealed 
Ti-6A1-4V  Bar(5> 


Condition 

Exposure 
Stress , 
ksi 

UTS, 

ksi 

0.  2%  Offset 
YS, 
ksi 

Elonga¬ 
tion,  % 

Annealed 

None 

123 

1 17 

14 

Exposed 

50 

1  3 

124 

14 

Exposed 

70 

133 

122 

1 1 

It  should  be  pointed  out  that  the  material  in  both 
cases  was  air  cooled  from  the  annealing  temper¬ 
ature  rather  than  slow  cooled  to  about  1000  F. 

The  recommended  slow  cooling  treatment  results 
in  further  stabilization  ot  the  mixed  alpha-beta 
structure.  Selected  thermal  stability  data  of  mill 
annealed  Ti-6A1-4V  alloy  sheet  (slow  cooled  from 
annealing  temperature)  are  given  in  Table 
1-4.  6.  4.  1-1.  (6) 

The  stressed  thermal  stability  of  solution 
treated  and  aged  Ti-6A1-4V  alloy  is  shown  in 
Figure  1-4.  6.  4.  1-20 )  and  in  Tables  1-4.  6.  4.  1-2^ 
and  1-4.  6.  4.  1-3'”*.  While  many  extremely  long¬ 
time  exposure  data  have  not  been  generated,  the 
exposure  data  from  intermediate-length  tests  do 
not  indicate  significant  degradation  of  properties. 
Exposure  times  up  to  14,000  to  15,000  hours 
have  shown  no  significant  effect  on  static  tensile 
or  on  notch  strengths. 
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The  Ti- 6A1-4 V  alloy,  m  the  beta-processed 
plus  solution-treated  and  aged  as  well  as  overaged 
conditions,  has  exhibited  good  thermal  stability 
during  450  F,  and  550  F  exposures  under  a  sus¬ 
tained  stress  of  25  ksi.  As  shown  in  Figure 
1-4.  6.  4.  1-  oniy  minor  variations  were  pro¬ 

duced  in  ultimate  tensile  strength  and  fracture 
toughness  (as  revealed  by  stress-intensity  factors) 
during  exposure  times  to  2500  or  5000  hours. 

1-4.  6.  4.  2  Chemical  Stability 

The  chemical  activity  of  Ti-6A1-4V  alloy  in¬ 
creases  with  increasing  temperature.  The  most 
readily  observed  reaction  illustrating  the  tem¬ 
perature  effect  is  oxidation.  Ti-6A1-4V  alloy, 
like  almost  all  titanium  alloys,  shews  a  surface 
discoloration  on  elevated-temperatures  air  ex¬ 
posures.  Ti-6A1-4V  shows  discoloration  as  low 
as  at  550  F  after  very  long  time6.  Various  de¬ 
grees  of  surface  discoloration  are  observed,  and 
increasing  titanium-oxygen  reactivity  is  indicated 
in  exposures  of  increasing  severity  by  stronger 
color.  In  1000  F  exposure,  scale  build  up  can 
occur  in  100  hours.  Appreciable  scale  lorms  in 
10  hours  at  1100  F  and  in  as  little  as  l  hour  at 
1200  F.  While  tensile  properties  appear  to  be 
relatively  unaffected  by  these  light  scales  formed 
at  low-  to  moderately  high-temperature  exposure, 
fatigue  properties  can  be  slightly  degraded.  At 
these  temperatures  and  higher  temperatures,  bend 
properties  are  affected  as  shown  in  Table 
1-4.  6.  4.  2-1.  d) 
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FIGURE  1-4.  6.  4.  1-1.  THERMAL  STABILITY  OF  ANNEALED  Ti-6A1-4V  AS  AFFECTED 
BY  EXPOSURE  TIME  AND  TEMPERATURE^) 


1300  F,  2  hours,  air  cooled. 
Exposure  stress:  50  ksi. 
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TABU  1-4.  6.4. 


EFFECT  OF  Sl'^  fj  A.." 
T1-6A1-4V  SHEET  PROF-  ..lt^ 


.'0  THERMAL  EXPOSURE  ON  ANNEALED 


Teniile  Propertlei 


Sheer 
I  lucknett . 
Inch 


Expoture  Condition! 


No  expoture  (conuol) 
650  None 

No  expoiure  (control) 
650  None 

No  e\pciui<  (control) 
560  72 

No  expoture  (conuol) 
550  72 


Tin.c. 

hours 

Teit 

Temperature, 

F 

Ultimate 

Strength, 

kit 

Yield  Suength 
(0.2*  Olftet). 
kti 

Elongation, 

* 

-110 

170 

160 

14 

7000 

-110 

170 

161 

14 

RT 

145 

137 

13 

7000 

RT 

143 

136 

14 

RT 

136 

128 

12 

5000 

RT 

144 

132 

13 

650 

105 

89 

10 

6000 

550 

107 

88 

10 

)  ! 
i 


TABU  1-4. 6.4. 1-2.  THER1.1AL  STABILITY  OF  SOLUTION  HEAT  TREATED  AND  AGED 
TI-6A1-4V  ALLOY^) 

Heat  Ueatrr.em:  1700  F,  20  minuter,  water  quench,  plui  1000  F.  4  hour*,  all  cool 


Average  Ptopertlei 


Expoture 

Temp, 

F 

EX! 

Suett, 

kti 

yjtute 

Creep, 

* 

0.2*  Offiet 
Yield 
Strength, 
kil 

Ultimate 
Tent!  It 
Strength, 
kti 

Elongation 

In  2  Inche/1), 
per  cent 

Reduction 

In  Area, 

* 

! 

! 

100  Hour! 

i 

(Baie) 

177 

186 

8 

39 

1 

500 

100 

0.14 

171 

179 

7 

31 

t 

600 

95 

0.06 

172 

178 

6 

29 

700 

70 

0.11 

171 

182 

6 

32 

i 

800 

45 

0.24 

171 

181 

4 

29 

i 

900 

20 

0.25 

175 

183 

7 

30 

i 

t 

1000  Hour! 

.  ,  I 

177 

186 

8 

39 

/  ] 

500 

100 

0.06 

174 

184 

6 

29 

600 

95 

0. 19 

178 

187 

6 

27 

i 

700 

70 

0.34 

172 

187 

5 

25 

j 

800 

40 

0.54 

176 

187 

5 

30 

900 

15 

0.96 

170 

177 

4(b) 

26 

j 

900 

— 

— 

176 

180 

6 

34 

(a)  Includet  fracture  within  2-inch  gage  length  only. 

(fc)  All  fracturca  occurred  ouulde  2-lnch  gage  length.  True  value  would  be  higher. 

TABU  1-4. 6.4. 1-3.  EFFECT  OF  STRESSED  AND  UNSTRESSED  THERMAL  EXPOSURE  ON  SOLUTION  HEAT 
TREATED  AND  AGED  T1-6A1-4V  ALLOY<6> 

"""”^fciullePropertlei 


Sheet 
Thlc  knelt. 


Expoture  Condltloni 


Ultimate  Yield  Suength 


Inch 

F 

kil 

boun 

F 

kil 

.  Sul 

* 

kil 

0.025 

No  expoture  (conuol) 

-110 

197 

182 

7 

112 

(longitudinal 

660 

None 

1000 

-110 

189 

176 

6 

96 

tpeclmem) 

650 

25 

1000 

-110 

199 

186 

3 

113 

No  expoture  (conuol) 

RT 

171 

156 

6 

130 

650 

None 

1000 

RT 

163 

(52 

6 

112 

650 

26 

1000 

RT 

171 

164 

6 

119 

No  expoture  (control) 

650 

126 

97 

6 

117 

650 

25 

1000 

650 

131 

101 

5 

127 

Bar 

No  expoture  (conuol) 

-110 

189 

174 

11 

(1-lncb  gage  length, 

Ditto 

R  r 

165 

153 

14 

traruvene  tpeclmem) 

" 

400 

130 

111 

13 

N 

650 

118 

98 

12 

650 

25 

1000 

-110 

190 

178 

11 

650 

25 

1000 

RT 

165 

153 

13 

esc 

25 

1000 

400 

131 

111 

VJ 

650 

25 

1000 

650 

117 

94 

16 

>i*  » -nv&iM  asm 


Uttimote  Tensile  ond  Yield  Strength,  ksi 
Elongation  and  Reduction  in  Area,  % 


□  0.2  %  offsei 
?  —  Effect  of  I 
650  F 


offset  yield  strength 

Increasing  Exposure  Time 
750  F 


IS  Elongoiion 

Effect  of  Increasing  Exposure  Temperoture 
16  Hours  100  Hours  3 CO  Hours  ‘000  Hours 


FIGURE  1-4.  6.  4.  1-2.  THERMA L  STA BIUTY  OF  HEAT-TREATED  Ti-6Al-4V 


(1) 


1550  F  1  hour,  water  quenched;  900  F  24  hours 
air  cooled. 

Exposure  stress  50  kn 

TABLE  1-4.  6. 4. 2-1.  EMBRITTLEMENT  BEND-TEST  RESULTS  FOP.  T1-6A1-4V  ALLOtf1) 
Bend  Angle  or  8end  Radius  for  Simple  A  and  B  at  Indicated  Temperature^*! 


Exposure 

Time, 


800  F 


900  F 


hours  Mearurement  A 


B 


1000  F 
A  B 


1200  F 


1400  F 
A  B 


1500  F 


B  A 


1600  F  1700  F  1800  F 
A  B  A  B 


1 

Angle,  deg 

180 

180 

180 

i  80 

180 

180 

180 

180 

180 

180 

180  65 

25 

26 

6 

3 

0 

0 

MBR,  T 

3.4 

4.0 

3.5 

4.0 

4.0 

3.7 

3.7 

4.1 

4.1 

4.0 

4.3 

mm 

mm 

" 

2 

Angle,  deg 

180 

180 

180 

180 

180 

180 

180 

180 

30 

40 

55  180 

25 

10 

0 

0 

0 

0 

MBR.  T 

3.3 

3.5 

3.4 

4.0 

3.8 

4.1 

3.7 

4.2 

«'* 

®  “ 

—  4.5 

** 

" 

*■ 

5 

Angle,  deg 

180 

180 

180 

180 

180 

180 

180 

180 

25 

65 

35  35 

10 

5 

0 

0 

0 

0 

MBR.  T 

3.4 

3.7 

3.7 

4.0 

2.8 

4.0 

3.4 

<■2 

** 

" 

" 

" 

10 

Angle,  deg 

180 

130 

180 

90 

180 

180 

130 

180 

25 

25 

30  30 

0 

0 

- 

- 

" 

" 

MBR.  T 

3.4 

3.5 

3.6 

"  * 

<a  n 

n  k 
V.  V 

A  4 

4.1 

*** 

"* 

20 

Angle,  deg 

180 

180 

180 

180 

180 

180 

<5 

50 

20 

30 

15  25 

0 

0 

- 

- 

" 

- 

MBR.  T 

3.4 

3.7 

4.0 

4.0 

4.1 

3.4 

•• 

“* 

“  m 

*'  -- 

'■ 

<S0 

Angle,  deg 

ISO 

180 

180 

180 

180 

180 

30 

40 

15 

30 

5  15 

0 

0 

” 

-- 

- 

- 

MBR,  f 

3.4 

4.1 

3.5 

4.4 

4.4 

3.4 

•• 

*'  " 

100 

Angie,  deg 

180 

180 

180 

180 

50 

180 

30 

30 

15 

25 

~ 

-- 

-- 

- 

- 

- 

- 

MBR.  T 

3.4 

3.1 

3.4 

3.7 

*• 

3.5 

**■* 

" 

" 

200 

Angle,  deg 

180 

IPO 

180 

180 

ISO 

180 

20 

10 

16 

—  - 

- 

— 

- 

" 

- 

-- 

MBR.  T 

3.3 

£.3 

3.7 

3.5 

4.4 

3.7 

“® 

500 

Angle,  deg 

180 

180 

180 

ISO 

45 

180 

15 

20 

6 

16 

•'  " 

- 

- 

— 

" 

- 

- 

MBR.  T 

3.3 

3.1 

4.1 

2.5 

— 

4.4 

— 

•* 

“® 

(a)  Values  lined  ate  either  the  bend  angle  over  s  4.9T  radius  tn  degrees  or  the  minimum  radius  in  terms  of  T  for  180  degree 
bond.  A  and  8  samples  received  identical  treatment. 
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Data  reflecting  the  resistance  of  Ti-6Al-4V 
to  hot-salt  stress  corrosion  are  given  in  Figures 
1-4.  6.  4.  2-1 ,  1-4.  6.  4  2-2,  and  1-4  6  4.2-  3. 

Figure  1-4  6.  4.  2-1  shows  the  effect  of  hot- 
salt  stress  corrosion  upon  the  post-exposure  ten¬ 
sile  strength.  In  this  study,  sheet  specimens  were 
coated  with  a  thick  salt  (NaCI)  slurry,  stressed  to 
40  kst,  and  exposed  at  various  elevated  temper¬ 
atures  for  1000  hours.  The  results  indicate  that 
the  strength  of  Ti-6Ai-4V  in  the  mill-annealed 
condition  is  not  significantly  affected  by  hot- salt 
exposure  at  temperatures  as  high  as  540  F. 

Si 


0  1000  2000  3000  4000  5000 


Exposure  Time,  hours 

FIGURE  1-4.  6.  4.  1-3.  EFFECT  OF  TIME  ,  TEM¬ 
PERATURE,  AND  STRESS  ON  PROPER¬ 
TIES  OF  Ti-6AI-4V  PLATE*2) 

Although  Ti-6Al-4V  is  susceptible  to  stress 
corrosion  in  hot  salt  (NaCI)  and  >n  aqueous  en¬ 
vironments,  its  resistance  to  these  forms  of  de¬ 
gradation  is  currently  considered  to  be  good  among 
titanium  alloys. 

Susceptibility  of  titanium  alloys  to  stress 
corrosion  is  evaluated  by  several  testing  techni¬ 
ques.  Time,  temperature,  stress,  and  composi¬ 
tion  of  the  environment  are  generally  considered 
the  most  important  testing  variables.  In  addition, 
state  of  stress,  sample  geometry,  and  defects 
within  the  specimen  can  exert  significant  influence. 
The  nature  of  the  environment,  static  (constant 
temperature,  time,  stress,  composition,  etc  ) 
or  dynamic  (cyclic  or  fluctuating,  temperature, 
time,  stress,  composition,  etc  )  also  greatly 
influence  the  results  of  stress  corrosion  tests 
Consequently,  explicit,  definitive  evaluation  of  the 
titanium  alloys'  resistance  to  stress  corrosion  re¬ 
quires  the  study  of  many  variables.  At  this  time  , 
many  investigations  are  being  conducted  to  eluci¬ 
date  the  stress-corrosion  phenomena  in  titanium 
alloys.  Based  on  somewhat  limited  data  now  avail¬ 
able,  Ti-6A1-4V  has  good  resistance  to  environ¬ 
ments  and  conditions  that  produce  stress  corrosion 
in  other  titanium  compositions. 


Exposure  Temperature,  F 


FIGURE  1-4.  6.  4.  2-1.  RESIDUAL  STRENGTH  OF 
TITANIUM  ALLOYS  AFTER  1000  HOURS 
EXPOSURE  TO  SODIUM  CHLORIDE*2* 

Using  salt-coated  specimens  subjected  to  pure 
bending  (fiber  stresses  of  ±50  or  ±100  ksi)  and  ex¬ 
posure  times  to  8000  hours  at  550  F,  annealed  Ti- 
*Al-4V  showed  greater  susceptibility  to  hot-salt 
stress  corrosion  than  either  single-annealed  Ti- 
8AI-IM0-IV  or  solution-treated-and-aged  Ti-13V- 
llCr-3Al  The  results  of  these  tests  are  shown  in 
Figure  1-4,  6.  4.  2-2 

A  compilation  of  data  from  several  sources 
suggests  to  an  approximate  degree  the  limiting 
combinations  of  exposure  time,  temperature,  and 
stress  above  which  the  hot-salt  stress  corrosion  of 
Ti-5A1-4Y  may  occur  The  summary  of  these  data 
are  given  in  Figure  1-4. 6. 4.  2-3.  *9)  That  insuffic¬ 
ient  data  are  available  to  define  the  combination  of 
borderline  sensitivity  should  be  emphasized. 

The  susceptibility  of  Ti-6A1-4V  to  accelerated 
crack  growth  in  certain  aqueous  media  at  room  tem¬ 
perature  was  demonstrated  in  3.  5  percent  salt 
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FIGURE  1-4.  6.  4.  2-2.  RELATIVE  EXTENT  OF  BENDING  OF  SALT-COATED 
SPFCIMENS  AT  FRACTURE  AFTER  VARIOUS  EXPOSURE  TIMES 
AT  650  F  AND  IMPOSED  BENDING  STRESSES(8) 


Alloy 


Heat  Treatment 


T1-6A1-4V  1475  F  1  hr,  FC  to  1300  F,  AC 

Ti-8Al-lMo-lV  1450  F  8  hr,  FC 

Ti-4Al-  3Mo-  1 V  Aged  1050  F  4  hr 

Ti-l3V-llCr-3Al  Aged  900  F  24  hr 


(NaCl)  solution  This  solution  has  been  found  to 
pi  oduce  as  severe  effects  in  promoting  accelerated 
crack  growth  as  any  solution  representative  of 
usual  operating  environments  for  titanium  alloys 

Environmental  crack-growth  resistance  is 
established  by  sustained  loading  of  fracture- 
toughness  samples  in  the  salt  solution  to  stress- 
intensity  levels  that  are  specific  percentages  of  che 
critical  stress  intensity  of  samples  tested  in  air 
The  time  required  for  specimen  failure  is  plotted 
as  a  function  of  the  applied  stress-intensity  level 
as  illustrated  in  Figure  1-4.  6.  4.  2-4.  ^  The  re¬ 
sulting  curve  represents  the  time  required  to  pro¬ 
pagate  subcritical  cracks  to  the  critical  size.  For 
titanium  alloys,  subcritical  crack  growth  does  not 
occur  below  a  particular  stress-intensity  level. 
Since  this  level  was  'cached  before  360  minutes  of 
loading  time  in  the  illustration  of  Figure 
1-4.  6.  4.  2-4,  the  environmental  crack-growth  re¬ 
sistance  parameter,  Kjj  (360  minutes),  is  con¬ 
sidered  a  threshold  level. 


The  threshold  stress  level  at  which  a  fatigue 
crack  of  given  depth  in  beta-processed  Ti-6Al-4V 
becomes  unstable  in  3.  5  percent  NaCl  solution  is 
given  in  Figure  1-4.  6.  4.  2-3.  ^  The  superior  com¬ 
bination  of  strength  ai  d  salt-water-crack  growth 


FIGURE  1-4.  6.  4.  2-3.  EFFECT  OF  EXPOSURE 
VARIABLES  ON  THE  OCCURRENCE  OF 
VISIBLE  SALT-STRESS  CORROSION  IN 
ANNEALED  AND  IN  SOLUTION- 
TREATED  AND  ANNEALED  Ti-6AU4V(9> 
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ACTERISTICS 

resistance  achieved  in  beta-processed  Ti-6Ai-4V, 
compared  with  conventionally  (alpha-beta)  pro¬ 
cessed  Ti-fcAl-4V,  is  shoArn  for  plate  material  in 
Figure  1-4.  6.  4.  2-6.  (£) 

Current  research*2)  aimed  at  identification 
of  the  mechanism  of  environmental  crack  g.-owth 
has  suggested  the  following  role  of  beta  processing 
in  improving  resistance  to  this  phenomenon. 
Cracking  occurs  in  the  alpha  phase,  and  the  beta 
phase  acts  to  arrest  the  growth  of  the  cracks. 

When  the  microstructure  includes  equiaxed  alpha 
grains,  characteristic  of  alpha-beta  processed 
material,  the  beta  phase  is  not  distributed  in  a 
manner  to  effectively  arrest  crack  growth.  How¬ 
ever,  if  the  beta  is  primarily  lamellar  and  random¬ 
ly  distributed  between  alpha  platelets,  as  in  the 
beta-processed  condition,  the  beta  phase  is  a  vt.  y 
effective  crack  arrester. 
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ALLOY 


Ti-4A>-  3  Mo-  1 V 
Ti-  6A1-4  V 
T>-8Al-  1  Mo-  1  V 


CONDITION  F,u  F 
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B-STA-1250  153  140 
Mill  anneal  145  135 
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FIGURE  1-4.  6.  4.  2-5.  ENVIRONMENTAL  CRACK-GROWTH  RE¬ 
SISTANCE  OF  TITANIUM  ALLOYS 
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FIGURE  1-4.  6.  4.  2-6.  STRENGTH  AND  SALT  WATER  CRaCK- 
GROWTH  RESISTANCE  OF  TITANIUM  ALLOYS(2) 


1-5  Titanium  Alloy  Ti-SA!-6V-2Sn 
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5.0  GENERAL  REMARKS 


1-5.  6  DESCRIPTION  AND  METALLURGY 


The  Ti-6A1-6V- 2Sn  alloy  is  more  highly 
alloyed  with  both  alpha  and  beta  stabilizers  than 
the  Ti-6Al-4V  alloy  and  is  capable  of  heat  treat¬ 
ment  to  higher  strength.  It  is  essentially  a  forging 
alloy  although  plate  and  sheet  products  are  utili¬ 
zed.  It  is  relatively  new  to  the  titanium  industry 
but  user  acceptance  is  high,  principally  due  to  the 
promise  of  high  strength  performance. 

1-5.  1  COMMERCIAL  DESIGNATIONS 


Designations 


Producer 


C-125  AVT 

HA-5158 

No  designation 

RMI-6Al-faV-2Sn 

Ti-6Al-6V-2Sn 


Crucible  Steel  Co. 

Harvey  Aluminum  Co. 
Oregon  Metallurgical  Corp. 
Reactive  Metals,  Inc. 
Titanium  Metals  Corp. 


Forms  Available^3) 


B,  b,  P 
B,  b,  E 
B 

B,  b,  P,  S 

B,  b,  P,  S,  W,  E 

(a)  B  =  billet,  b  r  bar,  P  -  plate,  S  =  sheet, 

8  =  strip,  W  -  wire,  E  =  extrusions. 

1-5.  2  ALTERNATE  DESIGNATIONS  (COMMON 
NAMES) 


6-6-2,  Titanium  6-6-2,  Titanium  - 
aluminum-tin-vanadium  alloy, 

1-5.3  ALLOY  TYPE 

Alpha-beta  (rich  beta  content). 


1-5.4  COMPOSITION,  RANGE  OR  MAXIMUMS,% 
Major  Elements  Interstitial  Elements 


Aluminum  5.  0-6.  0 
Vanadium  5,  0-6.  0 
Tin  1.5-2. 5 

Copper  0.35-1,0 
Iron  0.35-1.0 


Oxygen  0.  12-0.  20 
Carbon  0, 05 
Nitrogen  0.  04 
Hydrogen  0,  015 


1-5.5  SPECIFICATIONS 

MIL-T-  S035 
MIL-T-46038  E 
MIL-T- 9046  E 


1-5.6.  1  Composition  ar.d  Structures 

The  Ti-6Al-6V-2Sn  alloy  is  a  relatively  new 
alpha-beta  alloy  v/ith  the  capability  of  heat  treat¬ 
ment  to  very  high  strength  levels.  The  nominal 
six  percent  aluminum  content  stabilizes  the  alpha 
phase  and  raises  the  beta  transus  temperature  to 
approximately  1735  F.  The  two  percent  tin  content 
strengthens  both  the  alpha  and  beta  phases,  and 
with  aluminum,  aids  in  increasing  both  the  room 
and  elevated  temperature  strength. 

Beta  stabilization  is  accomplished  by  the 
addition  of  six  percent  vanadium  and  nominally 
0.  7  percent  copper  plus  0.  7  percent  iron.  These 
elements  are  not  contaminants  in  the  Ti-6Al-6V- 
2Sn  alloy  but  rather  serve  to  help  stabilize  and 
strengthen  the  beta  phase.  The  beta  phase  extends 
over  the  entire  elevated  temperature  range  to  room 
temperature.  The  phase  relationships  as  they  exist 
in  the  Ti-6Al-6V-2Sn  alloy  are  shown  in  Figure 
1-5.  6.  1-1 1*).  Acting  together,  the  beta  stabilizing 
elements  permit  heat  treatment  of  the  alloy  to  high 
strength  levels  by  solution  treatment  and  aging. 

The  effect  of  the  minor  alloying  conditions,  copper, 
iron  and  tin,  is  to  further  strengthen  the  alloy:  the 
effect  of  the  individual  elements  is  defined  in 
Reference  2. 

The  Ti-6Al-6V-2Sn  alloy  is  in  reality  a; 
advanced  Ti-6Al-4V  composition.  Due  to  the 
balance  between  alpha  and  beta  stabilizer  content, 
the  beta  to  alpha-beta  transus  temperature  remains 
relatively  high  (with  respect  to  other  compositions 
having  this  much  beta  content),  and  yet  excellent 
workability  characteristics  are  encountered  at  the 
high  temperature  because  of  the  rich  beta  content. 
Further,  the  rich  beta  content  permits  deep  harden- 
ability  since  some  beta  phase  does  not  transform 
during  cooling  from  the  solution  heat  treatment 
temperature.  The  presence  of  untransformed  beta 
in  large  amounts  to  the  center  of  thick  sections 
permits  subsequent  aging  response  in  the  center 
sections.  Ti-6Al-6V-2Sn  alloy  is  sufficiently  beta 
stabilized  to  attain  heat  treated  properties  through 
sections  up  to  three  inches  in  thickness.  Of  course, 
the  heat  treatment  effect  is  stronger  in  the  smaller 
sections  and  tapers  off  until  annealed  properties 
cannot  be  significantly  improved  upon  in  the  thicker 
sections. 

1-5.  6.  2  Deformation  Fracticc  and  Effects 

The  upper  temperature  limit  for  forging 
Ti-6Al-6V-2Sn  is  dictated  by  proximity  to  the 
beta  transus.  Hot  working  is  accomplished  with 
greater  ease  above  the  beta  transus,  but  in  most 
products,  a  predominately  acicular  transformed 
structure  forms  upon  cooling  from  the  beta  field. 


f 


FIGURE  1-5.  6.  1-1.  VERTICAL  SECTION  OF  Ti-Al-V  SYSTEM  AT  5.  5 
PERCENT  ALUMINUM*1* 


This  structure  hao  lower  strength  and  ductility 
than  equiaxed  structures  formed  by  working  and 
heat  treating  the  metal  below  the  beta  transus. 
Higher  working  temperatures  also  may  result  in 
excessive  grain  growth  and  oxygen  contamination 
and  is  to  be  limited  as  much  as  possible.  Working 
in  the  beta  field  is  permissible  provided  consider¬ 
able  additional  working  (about  50  percent  reduction) 
is  accomplished  below  the  beta  transus  tempera¬ 
ture  which  causes  the  equiaxed  structural  con¬ 
dition  to  be  regained  during  subsequent  heat  treat¬ 
ments.  Typical  tensile  properties  after  various 
forging  reductions  are  given  in  Table  1-5.6.  2-1 
which  show  the  importance  of  finishing  with  at 
least  50  percent  reduction  in  the  alpha-beta  field.  *3* 

TABLE  1-5.  6.  2-1  TYPICAL  TENSILE  PROPER¬ 
TIES  OF  Ti-6Al-6V-2Sn  STOCK  FORGED 
TO  VARIOUS  REDUCTIONS  AND  HEAT 
TREATED  AS  3/4- INCH- DIAMETER 
BLANKS'3**3* 


Forging 

Reduction, 

%(b) 

US, 

ksi 

0.  2%  Offset 

vs, 

ksi 

El, 

% 

RA, 

% 

10 

184 

172 

2.5 

5 

30 

190 

182 

3.  2 

6 

50 

194 

187 

8.3 

23 

60 

193 

189 

io:  1 

32 

(a)  Solution  heat  treatment:  1-1/2  hours  at  1630  F, 
water  quench;  age  4  hours  at  1100  F,  air  cool. 

(b)  Bar  stock  first  heated  to  2000  F  and  air  cooled 
to  room  temperature.  The  forging  reductions 
indicated  were  at  1725  F  and  were  followed  by 
water  quenching. 

The  lower  temperature  limit  for  forging  is 
based  on  the  ability  of  the  metal  to  deform  uni¬ 
formly  without  cracking  or  cold  shearing.  It  is 
also  a  function  of  the  type  of  forging  operation 
involved  and  equipment  power  considerations.  The 
lower  limit  is  around  1550  F.  Above  this  tem¬ 
perature,  the  Ti-6Al-6V-2Sn  alloy  forges  readily. 
Since  the  beta  transus  temperature  is  about  1735  F, 
the  full  forging  range  is  therefore  1550  to  1725  F- 


However,  a  1600  to  1650  F  range  is  sv.  ggested  for 
most  forging  operations.  The  finished  forging, 
after  an  appropriate  heat  treatment,  should  have 
a  structure  of  primary  alpha  phase  in  a  matrix  of 
beta  phase*^*. 

Very  few  data  are  available  showing  the  ef¬ 
fect  of  cold  work  on  the  properties  of  Ti-6A1-6V- 
2Sn  alloy.  In  fact,  the  alloy  would  not  usually 
be  cold  worked  to  make  parts.  Nevertheless  such 
operations  as  shear  forming  have  been  briefly 
examined  where  it  wa6  found  that  good  properties 
can  be  restored  to  the  cold  worked  metal  by  the 
use  of  an  annealing  heat  treatment  as  shown 
below*3  * 3*. 


Condition,  Heat 
Treatment 

UTS, 

ksi 

0.  1%  or  set 
YS, 

ksi 

El, 

% 

RA, 

% 

As  shear  formed 

162 

142 

7 

16 

1100  F,  1/2  hour,  AC 

169 

162 

12 

33 

1100  F,  4  hours,  AC 

169 

162 

12 

32 

1625  F,  1/2  hour,  WQ 

1/6 

170 

3 

8 

+•  1100  F,  4  hours,  AC 

It  is  apparent  that  adjustments  in  solution  heat 
treatment  and  aging  cycles  would  be  needed  if  a 
very  high  strength  condition  after  cold  working 
W38  required. 

5-5,  6.  3  Heat  Treatment  Practice  and  Effects 

1-5.  6,  3.  0  General  Remarks 

The  Ti-6Al-6V~2Sn  alloy  may  be  used  in 
either  the  annealed  condition  or,  since  it  is  an 
alpha-beta  alloy  with  a  rich  beta  content,  in  a 
very  high  strength  condition  achieved  by  solution 
heat  treatment  and  aging.  Ductility  and  toughness 
are  correspondingly  lower  with  the  higher 
strength  conditions. 

1-5.  6.  3-1  Stress-Relief  Annealing 

A  thormal  treatment  of  2  hours  at  1100  F 
followed  by  air  cooling  to  room  temperature  is  the 


treatment  recommended  by  the  producers  for 
stress-relief  annealing  the  Ti-6Al-6V-2Sn  alloy. 

No  data  are  available  showing  the  relaxation 
characteristics  of  residual  stress  in  this  all  >y 
during  stress-relief  treatments. 

1-5.6.  3.2  Annealing 

The  Ti-6Al-6V-2Sn  alloy  is  one  of  >.he 
strongest  titanium  grades  available  in  the  annealed 
condition  which  consists  of  about  2  to  8  hour  ex¬ 
posure  at  1300  to  1400  F  followed  by  air  cooling. 
Another  annealing  treatment  recommended  is 
1/2  hour  exposure  at  1330  to  1550  F,  furnace  cool 
to  1100  F,  and  air  cool  to  room  temperature.  In 
these  annealed  conditions,  the  metal  has  fair 
thermal  and  stress  stability  (up  to  about  600  F)  and 
has  beiter  fracture  toughness  than  solution  heat 
treated  and  aged  Ti-6Al-6V-2Sn.  Typical  anneal¬ 
ed  mechanical  properties  showing  also  the  effect 
of  section  size  are  given  in  Table  1-5.  6.  3.  2-1^). 

With  respect  to  the  various  annealing  treat¬ 
ments  recommended,  it  has  been  suggested^) 
that  annealed  Ti-6Al-6V-2Sn  alloy  would  have  bet¬ 
ter  elevated-temperature  stability  if  the  annealing 
treatment  included  furnace  cooling  from  the  re¬ 
crystallization  temperature  to  an  intermediate 
temperature  such  as  is  done  with  the  Ti-6Al-4V 
alloy.  Annealed  and  furnace  cooled  tensile  pro¬ 
perties  of  Ti-6Al-6V-2Sn  sheet  (0.  097  inch)  were 
found  to  beW: 

YS, 

0.  2% 

UTS,  Offset  El, 

ksi  ksi  % 

Avg.  of  4  longitudinal  specimens  152  143  14 

Avg.  of  3  transverse  specimens  157  150  12 

(Annealed  at  1525  F  for  3/4  hour,  furnace  cooled 
to  1100  F,  then  air  cooled. ) 

The  ductility  of  weldments  in  Ti-6Al-6V-2Sn 
alloy  is  poor  unless  a  postweld  annealing  treatment 
is  used.  Solution  heat  treatment  followed  by  water 
quenching  does  not  improve  weld  ductility  and  sub¬ 
sequent  aging  of  such  conditioned  material  results 
in  weld  metal  embrittlement.  Solution  of  the  weld 
metal  ductility  problem  is  possible  in  some  ap¬ 
plications  by  using  an  annealing  treatment.  The 
treatment  of  4  hour  exposure  at  1340  F,  followed 
by  air  cooling  has  been  recommendedW.  Annealed 
strengths  are  of  course  tower  than  aged  strengths 
but  usable  ductility  and  toughness  can  be  obtained 
in  weldments  using  this  technique. 

1-5.  6.  3.  3  Strengthening  Heat  Treatments 

The  ultimate  strengthening  of  the  T1-6A1-6V- 
2Sn  alloy  is  based  upon  a  simple  age  hardening 
reaction.  Beta  phase  stabilized  by  solution  heat 
treatment  in  the  alpha- beta  field  is  retained  to 
room  temperature  by  quenching.  Upon  reheating 
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to  some  lower  temperature  in  the  alpha-beta  field, 
the  beta  phase  partially  transforms  isothermally 
to  the  alpha  phase.  The  fine  alpha  precipitate  that 
forms  during  -<gtng  is  the  constituent  that  promotes 
the  strengthening  of  the  alloy  over  the  base  anneal¬ 
ed  condition. 

1-5.  6.  3.  3.  1  Solution  Annealing 

The  recommended  solution  heat  treatment 
temperature  for  Ti-6Al-fcV-2Sn  is  1650  ±  25  F. 

About  30  percent  primary  alpha,  balance  beta 
phase,  is  found  in  the  microstructure  after  this 
treatment.  Water  quenching  is  the  standard  method 
of  terminating  solution  hea-  treatment  although  fast 
air  cooling  achieved  by  forced  air  stream  may  be 
satisfactory  for  thin  section  material  since  the  beta 
phase  in  this  alloy  is  fairly  stable.  The  effect  of 
solution  temperature  on  subsequently  aged  tensile 
properties  is  shown  by  the  data  given  in  Table 
1-5.  6.  3.  3.  1-1 

1-5.6.  3.3.2  Agii.g  Heat  Treatments 

For  a  given  solution  heat  treatment,  the 
selection  of  an  aging  cycle  is  based  on  the  strength 
level  desired.  Low  aging  temperatures,  on  the 
order  of  900  to  1000  F  are  associated  with  higher 
strength  and  lower  ductility.  High  aging  tempera¬ 
tures,  in  the  1100  to  1200  F  range,  promote  lower 
strength  and  higher  ductility  levels. 

The  effect  of  various  aging  treatments  on  the 
tensile  properties  of  Ti-6Al~6V-2Sn  plate,  press 
forged  from  100  degrees  below  the  beta  transus  of 
1780  F  and  water  quenched  (no  intermediate  solution 
heat  treatment  between  alpha-beta  forging  and 
aging)>  is  shown  in  Figure  1-5.  6.  3.  3.  2-1^).  in 
Figure  1-5.  6,  3,  3.  2-2,  the  effect  of  the  same 
treatments  on  Charpy  impact  absorption  energy  is 
shown,  while  the  effects  of  various  aging  treat¬ 
ments  on  Charpy  values  obtained  over  a  range  of 
test  temperatures  are  shown  in  Figure 
1-5.  6,  3.  3.  2-3(9).  Typical  solution  treated  plus 
aged  room  temperature  tensile  properties  obtained 
after  a  variety  of  heat  treatments  are  given  in 
Table  1-5.6.  3.3.  2-l(8»10>. 

For  optimum  mechanical  properties  of  aged 
material,  consistent  with  good  thermal  and  stress 
stability,  an  aging  treatment  of  from  4  to  8  hours 
at  1000  to  1150  F,  followed  by  air  cooling  is 
recommended. 

1-5.  6.4  Stability 

Very  few  data  are  available  depicting  the 
stability  of  the  Ti-6Al-6V-2Sn  alloy.  The  thermal 
stability  of  this  alloy  appears  to  be  dependent  upon 
heat  treated  condition  and  probably  fabrication 
history.  The  chemical  stability  of  the  alloy  is 
practically  undocumented,  although  a  reasonable 
first  assumption  would  be  that  it  is  similar  to  the 
T1-6A1-4V  alloy. 
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TABLE  1-5.  6.  3.  3.  1-  1.  EFFECT  OF  SOLUTION 
TEMPERATURE  ON  THE  AGED  ROOM- 
TEMPER  ATUR  E  TENSILE  PROPERTIES 
OF  Ti-6Al-6V-2Sn  BARS*2) 


(Alpha-beta  to  beta  transus  ~1750  F.  ) 


Solution 
Tempera¬ 
ture,  *a) 
F 

UTS, 

ksi 

YS 

0.  2% 
Offset, 
ksi 

El, 

% 

RA, 

% 

Modulus , 
10*  ksi 

1600 

173 

157 

10 

27 

17.  3 

1650 

176 

161 

’.2 

27 

17.4 

1700 

179 

164 

3 

6 

16.  3 

1725 

171 

159 

3 

4 

16.  3 

172.5 

166 

157 

6 

10 

16.  2 

(a)  For  1  hour  followed  by  water  quenching. 

(b)  Aged  for  1  hour  at  1100  F,  air  cooled. 


TABLE  1-5.  6.  3.  2-1.  TYPICAL  MECHANICAL 

PROPERTIES  OF  ANNEALED  Ti-6Al-6V- 
2Sn  ALLOY  AT  VARIOUS  BAR  STOCK  AND 
SPECIMEN  DIAMETERS*6) 


Speci¬ 
men  0.  2% 

Diame-  Offset 


ter, 

inches 

UTS, 

ksi 

YS, 

ksi 

El, 

% 

RA, 

% 

NTS, 

ksi 

NTS/YS 

Ratio 

0.  113 

157 

142 

20 

40 

0.  160 

146 

130 

19 

44 

226 

1.  64 

0.  225 

— 

— 

— 

— 

220 

0.  252 

146 

135 

20 

44 

- 

— 

0,  357 

148 

140 

19 

43 

210 

1.  53 

0.505 

147 

142 

17 

43 

190 

1.38 

0.  7U 

— 

— 

— 

— 

179 

— 

1.  130 

138 

126 

14 

34 

- 

— 

1.600 

149 

135 

16 

25 

150 

1.09 

2.  250 

— 

— 

— 

-- 

124 

— 

2.520 

143 

— 

10 

31 

- 

— 

3.570 

102 

The  thermal  stability  of  both  annealed  and 
aged  Ti-bAl-6V-2Sn  bar  was  determined  in  a 
series  of  creep  test  exposures.  The  test  data 
obtained  after  various  exposure  conditions  of 
time,  temperature,  and  stress  are  given  in  Table 
1-5. 6.  4.  1-1,  while  a  summary  of  the  tensile- 
property  data  obtained  after  exposure  is  given 
on  the  next  page*7). 


Aging  Ttmpcroturt,  F 

FIGURE  L  5.  6.  3.  3.  2-1.  EFFECT  OF  AGING  TEM¬ 
PERATURE  ON  THE  TENSILE  PROPER¬ 
TIES  OF  Ti-6Al-6V-2Sn  PLATES**) 

2-inch-diameter,  5-inch-long  billet  reduced  87%, 
press  forged  to  5/8-inch  plate  from  beta,  100  F 
W  Q,  beta  transus  1780  F. 


w 


Aging  Temperature,  F 


FIGURE  1-5.  6.  3.  3.  2-2.  EFFECT  OF  AGING 

TREATMENT  ON  THE  IMPACT  STRENGTH 
OF  Ti-6Al-2Sn  PLATE*3) 

(Charpy  V-notch  specimens). 

The  exposure  of  annealed  bars  resulted  in  an 
increase  in  both  tensile  and  yield  strengths  with  a 
corresponding  decrease  in  ductility.  These  re¬ 
sults  undoubtedly  reflect  the  occurrence  of  an  aging 
reaction  of  the  air-cooled  (from  the  annealing  tem¬ 
perature)  structure.  The  investigators  suggested 
that  furnace  cooling  from  the  annealing  temperature 
would  remedy  this  reaction.  This  hypothesis  is 
strengthened  by  the  results  obtained  on  age  hardened 
bars.  Here  the  signs  of  instability  do  not  show  up 
even  in  long  time  exposure  (>1000  hours)  at  600  or 
700  F,  indicating  a  metallurgically  stable  structure. 
The  data  indicate  that  the  aging  reaction  may  con¬ 
tinue  however,  when  exposure  temperatures 
(800  F)  approach  closer  to  the  aging  temperature. 


Ctorpy  impoct  Enwgy ,  ft  -lb 
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Room- Temperature  Tensile 
_ _ Properties _ 


Exposure 
Temperature,  ^ 
F 

0.  2% 
Offset 
US,  YS, 

ksi  ksi 

El,  in  1 
Inch,  % 

Reduction 
in  Area,% 

Annealed  Bars 

None 

160.  7  153.2 

17.0 

50.  8 

600 

188.9  157.6 

13.  1 

32.  3 

700 

193.  1  170.6 

12.  1 

26.4 

800 

185.4  177.2 

12.8 

30.  5 

Solution- 

■Treated  and  Aged  Bars 

Not  exposed 

187.  2  182.5 

10.5 

30.  7 

600 

195.9  186.0 

8.6 

21.  1 

7  Cj 

190.  3  182.8 

11.  1 

26.  3 

800 

199.5  190.5 

6.  8 

12.  7 

(a)  See  Table  1-5.  6.  4.  1-1  for  exposure  times  and 
stress  levels. 


FIGURE  1  *5.  6.  3.  3.  2-3.  CHARPY  IMPACT  EN¬ 
ERGY  VERSUS  TEST  TEMPERATURE 
FOR  THREE  AGING  TEMPERATURES 
Ti-6Al-6V-2Sn(9> 

(Standard  specimens). 

The  data  generated  also  showed  that  an  alpha- 
beta  alloy  having  a  rich  beta  content  such  as  in 
Ti-6Al-6V-2Sn  does  not  maintain  strength  in 
long-time,  elevated- temperature  exposure  as  well 
as  lean  beta  compositions  such  as  TI-6A1-4V. 
Additional  data  showing  further  the  thermal  sta¬ 
bility  of  Ti-6Al-6V-2Sn  products  are  given  in 
Table  1-5.  6.  4.  l-2<4). 


1-5.  6.  4.  2  Chemical  Stability 

There  is  a  paucity  of  data  available  that 
might  be  used  to  describe  the  chemical  stability 
of  Ti-6Al-6V-2Sn  alloy.  However,  it  is  believed 
that  the  chemical  behavior  of  this  alloy  would  not 
be  materially  different  than  that  of  the  Ti-6Al-4V 
alloy,  especially  in  elevated  temperature  exposures 
involving  oxidation  or  salt-stress  conosion. 

1-5.  7  REFERENCES 

(1)  Rausch,  J.  J.  ,  Crossley,  F.  A.,  and  Kessler, 
H.  D.  ,  "Titanium- Rich  Corner  of  the  Ti-Al-V 
System",  J.  of  Metals,  8,  No.  2,  February, 
1956,  p  211. 

(2)  Farrar,  P.  A.  and  Margolin,  H.  ,  "Develop¬ 
ment  of  Tough,  High  Strength,  Titanium-Base 
Alloys  of  the  Ti-Al-V-X  System",  WAL  401/ 
262,  January,  1960,  and  WAL  401/302,  April, 
1960. 

(3)  Colton,  R.  M.  ,  "The  Effects  of  Fabrication 
Procedure  on  Properties  of  Ti-6Al-6V-2Sn- 

0.  5Fe-0.  25Cu",  WAL-MS-8,  September,  1959. 

(4)  Broadwell,  R.  ,  "Properties  of  Ti-6Al-6V-2Sn", 
Titanium  Engineering  Bulletin  No.  10,  TMCA, 
Approximately  1963. 

(5)  Colton,  R.  M.  and  Malateota,  W.  C.  ,  "Flo- 
turning  and  Welding  Characteristics  of  T1-6AI- 
6V-2Sn  Alloy",  WAL-TN-405.  2/6.  December, 
1959. 

(6)  DeSisto,  T.  S.  ,  et  al.  ,  "The  Influence  of  Sec¬ 
tion  Sice  on  the  Mechanical  Properties  and 
fracture  Toughness  of  7075- T6  Aluminum, 
Ti-6Al-6V-2Sn,  and  AISI  4340  Steel",  AMRA 
TR  64-05,  February,  1964. 

(7)  Seagle,  S.  R.  ,  "Elevated  Temperature  Tensile 
and  Creep  Properties  of  Ti'-6Al-6V-2Sn  Bar", 
Reactive  Metals  Report  i006R445,  July,  1963. 

(8)  Dethloff,  R,  C.  ,  "Rocket  Motor  Case  Develop¬ 
ment",  QPR  No.  15  on  Ordnance  Contract,  The 
Budd  Company,  September,  1961. 

(9)  Lannelli,  A.  A.  and  Rizzitano,  F.  J.  ,  "Charpy 
Impact  Tests  of  4340  Steel  and  6Al-6V-2Sn  Ti¬ 
tanium  Alloy,  Using  Standard  and  Thin  Charpy 
Specimens",  WAL  TR-112.  5/3,  January,  1962. 

(10)  Hiner,  J.  M. ,  "Development  of  6Al-6V-2Sn  Ti¬ 
tanium  Alloy  Pressure  Veesel",  Menasco  Re¬ 
port  A235-1,  April,  I960. 


TABLE  1-5.  6.  3.  3.  2-1.  EFFECT  OF  DIFFERENT  HEAT  TREATMENTS  ON  THE 
TENSILE  PROPERTIES  OF  Ti-6Al-6V-2Sn  TITANIUM  ALLOY(aM8> 10) 


Ultimate 

Tensile 

Strength, 

Heat  Treatment  ksi 


Yield  Strength  Elongation  Reduction 
(0.  2%  Offset),  in  4D,  in  Area, 
ksi _ '7c _ % 


1625  F  1/2  hr, 

WQ  +  1000  F  8  hr 

193 

183 

6.  8 

17.  2 

1625  F  1/2  hr, 

WQ  +  1000  F  16  hr 

192 

183 

5.5 

12.5 

1625  F  1/2  hr, 

WQ  +  1025  F  4  hr 

194 

185 

6.5 

16.  5 

1625  F  1/2  hr. 

WQ  +  1025  F  8  hr 

191 

18? 

7 

14.5 

1625  f  1/2  hr, 

WQ  +  1025  F  16  hr 

190 

182 

8.  2 

21.  7 

1625  F  1/2  hr, 

WQ  +  1100  F  4  hr 

186 

177 

9 

20.7 

1625  F  1/2  hr, 

WQ  +  1100  F  8  hr 

183 

174 

3.  7 

20.  0 

1625  F  1/2  hr. 

WQ  +  1100  F  16  hr 

179 

172 

11.8 

26.  9 

1630  F  1/2  hr. 

WQ  +  1150  F  16  hr 

192 

184 

7.  5 

17.  0 

1650  F  1/2  hr, 

WQ  +  1050  F  1  hr 

218-219 

211-212 

0.5-2.  5 

-(b) 

(a)  Data  generated  using  specimens  cut  from  forgings  (thin  section). 

(b)  Data  generated  on  0.  085-inch  sheet  (Reference  8). 


TABLE  i-5.  6.4.  1-2.  STABILITY  OF  Ti-6Al-6V-2Sn  AFTER  PROLONGED  EXPOSURE 
TO  ELEVATED  TEMPERATURE^3^4) 


Exposure 

Temperature, 

F 

Condition 

Stress, 

ksi 

Time, 

hours 

Room  Temperature 

Properties  After  Exposure 

Yield 

Strength 

0.  2% 
Offset, 
ksi 

Ultimate 

Tensile 

Strength, 

ksi 

Elongation 
in  4D, 

% 

Reduction 

In  Area, 

% 

Unexposed  forged  bar  stock 

184.  8 

193.6 

9.0 

38.5 

850 

55 

150 

188.  3 

199.8 

9.0 

25.4 

850 

55 

150 

191.  2 

201.8 

8.0 

26.  1 

850 

55 

150 

204.  1 

204.  1 

7.0 

20.8 

850 

45 

150 

189.  2 

197.6 

10.0 

35.9 

800 

55 

15C 

194.7 

204.5 

7.0 

21.3 

800 

45 

150 

183.8 

195.9 

9.5 

31,6 

750 

65 

150 

187.6 

199.4 

8.0 

33.6 

750 

65 

150 

183.4 

194.4 

9.0 

39.  2 

Unexposed  extrusion 

169.  0 

180.  2 

11.0 

24,0 

700 

30 

1000 

167.6 

132.3 

11.0 

22.6 

(a)  Heat  treatment:  1650  F  1  hour,  WQ  +  1050  F  4  hours,  AC. 
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TABLE  1-5.  6.  4.  1-1.  EFFECT  OF  CREEP- TEST  EXPOSURE  OF  Ti-6A1-6V- 2Sn 
BAR(7) 


Temperature, 

F 

Stress, 

ksi 

Time, 

hr 

Total 

Defor¬ 

mation, 

% 

Properties  After  Creep 
Yield 

Ultimate  Strength 

Tensile  (0.  2%  Elongation 

Strength,  Offset),  in  1  Inch, 
ksi  ksi  % 

Reduction 
in  Area, 

% 

Annealed  Bars 

600 

88 

149 

.450 

193.  0 

161.  0 

13.  5 

31.6 

60 

28 

.  294 

178.  0 

148.  5 

15.5 

44.  6 

25 

258 

.  24C 

192.0 

159.  0 

12.  0 

30.  5 

15 

955 

.  176 

192.5 

162.  0 

11.5 

22.  6 

Avg 

188.  9 

157.  6 

13.  1 

32.  3 

700 

40 

148 

.  318 

192.5 

167.5 

11.  0 

22.  6 

25 

306 

.  199 

193.0 

169.  5 

12.0 

26.4 

15 

119 

.  179 

190.  0 

166.0 

15.  0 

38.9 

20 

630 

.  120 

194.5 

176.  5 

11.0 

24.  0 

10  1 

,438 

.  152 

195.7 

173.4 

11.5 

20.  1 

Avg 

f  v3.  1 

170.6 

12.  1 

26.4 

800 

15 

144 

.  300 

183.  0 

175.0 

12.  0 

30.  1 

12.  5 

388 

.  268 

183.7 

176.4 

13.0 

31.  1 

10 

357 

.  176 

186.5 

178.0 

13.  0 

29.7 

8 

815 

.  217 

188.5 

179.  5 

13.'. 

31.  1 

Avg 

185.4 

177.  2 

12.  8 

30.  5 

Aeed  Bars 

600 

125.  0 

143 

.740 

194.  2 

191.6 

9.0 

23.7 

100.  0 

191 

.  217 

188.  0 

178,0 

11.  0 

32.0 

31.  5 

288 

.  214 

202.  0 

186.  5 

7.  0 

13.8 

70.0  1 

,392 

199.5 

188.  0 

7.  5 

14.7 

Avg 

195.  9 

186.  0 

8.6 

21.  1 

700 

65.  0 

143 

.481 

199.  5 

184.  0 

7.5 

14.  5 

50.  0 

386 

.  430 

191.0 

188.  5 

9.0 

18.6 

37.5 

217 

.  262 

184.  0 

178.  0 

14.  0 

45.8 

17,5  1 

,144 

.  173 

186.  5 

180.5 

14.  0 

26,  4 

Avg 

190.  3 

182.  8 

11.  1 

26.3 

800 

45.  0 

142 

.765 

194.4 

180.  8 

5.5 

9.5 

35.0 

192 

.  525 

195.5 

187.  5 

9.  0 

17.  2 

20.0 

461 

.365 

195.  0 

188.  5 

6.  0 

11.4 

10.0  1 

,301 

.  156 

214.0 

205.  0 

Broke  outside  gage 

Avg 

199.5 

190.  5 

6.  8 

12.7 

O 
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1-6  Titanium  Ailoy  Ti-13V-11Cr-3A! 


i-6.  0  GENERAL  REMARKS 

The  Ti-  13V-  1  lCr-  3A1  alloy  is  the  only  beta- 
titanium  alloy  of  commercial  importance.  It  is  heat 
treatable  to  very  high  strength  levels  from  the 
annealed/ solution- treated  (synonymous}  condition 
by  aging.  In  the  annealed  condition,  the  beta  alloy 
is  very  formable. 

1-6.  i  COMMERCIAL  DESIGNATIONS 


Designations 


Producer 


B-120VCA 
No  designation 
RMI-  13  V- 1  lCr-3Al 
Ti-13V-llCr-3Al 


Crucible  Steel  Company 
Oregon  Metallurgical  Corporation 
Reactive  Metals,  Incorporated 
Titanium  Metals  Corporation 


Forms  Available^ 


B,  b,  P,  W 
B 

B,  b,  P,  S, 

B,  b,  P,  S,  W,  E 

(a)  B  =  billet,  b  =  bar,  P  =  plate,  S=sheet,  s  = 
strip,  W  =  wire,  E  =  extrusion 

1-6.2  ALTERNATE  DESIGNATIONS  (COMMON 
NAMES) 

B-120,  13-11-3,  VCA,  the  beta  alloy.  . 
1-6.  3  ALLOY  TYPE 


Beta  (metastable) 

1-6.4  COMPOSITION  RANGE  OR  MAXIMUMS,  % 


Major  Elements 

Aluminum  2.50-4.00 
Vanadium  12.50-14.50 
Chromium  10.00-12,00 
Iron  0. 35 


Interstitial  Elements 

Carbon  0.05-0.10 
Oxygen  0. 20 
Nitrogen  0.05-0.08 
Hydrogen  0.  015  bar 


1-6.5  VTCATIONS 

AMS-491T,  MIL-T-9046E 


1-6.6  DESCRIPTION  AND  METALLURGY 


This  structure  is  easily  obtained  at  room  temper¬ 
ature  even  after  very  slow  cooling  rates  because 
of  the  beta- stabilizing  characteristics  of  the  high 
vanadium  and  chromium  alloying  elements. 

The  effect  of  variable  chromium  content  on 
the  phase  relationships  of  the  Ti- 13V- 1  lCr- 3A1 
alloy  is  8hown  in  Figure  1-6.  6.  1-1.  At  the  nominal 
composition,  Ti- 13V-3A1  base  plus  11  percent 
chromium  and  low  oxygen  content,  the  alloy  is 
hypoeutectoidal  with  a  beta  transus  between  1200 
and  1300  F.  The  high  vanadium  content  contributes 
to  the  stabilization  of  the  beta  phase  to  this  low 
temperature,  but  it  does  not  contribute  to  the 
titanium-chromium  eutectoid  relationship. 

The  effect  of  variable  aluminum  content  is 
shown  in  Figure  1-6.  6.  1-2.  Increasing  aluminum 
content  stabilizes  the  alpha  phase,  thus  raising  the 
beta-transus  temperature.  Without  aluminum,  the 
alloy  would  have  a  very  low  beta  transus.  The 
nominal  3  percent  aluminum  addition  results  in  the 
aforementioned  1200  to  1300  F  beta-transus  temper¬ 
ature  when  oxygen  content  is  low.  The  beta  transus 
temperature  is  located  at  higher  temperatures  with 
increasing  oxygen  content.  The  commercial  grade 
usually  contains  about  0.  15  percent  oxygen  and 
has  a  beta-transus  temperature  above  1300  F. 

While  the  beta  phase  is  thermodynamically  stable 
down  to  about  1200  F  with  low  oxygen  content,  the 
decomposition  of  the  beta  is  very  sluggish  at  still 
lower  temperatures.  The  TTT  diagram  illustrating 
this  sluggishness  of  the  beta  phase  is  given  in 
Figure  1-6.6.  1-3.  Other  investigators  have  found 
slight  deviations  from  the  transition  conditions  in¬ 
dicated  in  Figure  1-6.6.  1-3.  However,  variations 
in  experimental  technique  and  material  composition 
would  account  for  the  small  differences  from  the 
general  relationships  shown.  The  decomposition 
products  of  the  beta  phase  are  the  alpha  phase  and 
the  inter  metallic  compound,  TiCr^.  The  omega 
phase  is  believed  to  be  a  decomposition  product 
of  the  beta  phase  also.  However,  the  conditions  for 
the  occurrence  of  omega  have  not  been  defined  for 
the  alloy,  and  so  are  not  shown.  Omega  is  believed 
to  be  unstable  and  to  decompose  very  rapidly  above 
about  1000  F.  The  slow  decomposition  of  the 
sluggish  beta  phase  permits  the  use  of  a  wide 
variety  of  heat  treatments  to  control  the  properties 
of  the  alloy. 


1-6.  6.1  Composition  and  Structured 


1-6.  6.  2  Deformation  Practice  and  Effects 


The  beta  alloy  contains  relatively  large  a- 
mounts  of  beta- stabilizer  elements  and  relatively 
small  amounts  of  alpha -stabilizer  elements.  The 
alloy  is  classified  as  a  beta  alloy  since  the  r.truc*'ire 
of  the  metal  is  entirely  beta  phase  (body-centered 
cubic  crystal  lattice)  at  room  temperature  after 
annealing  from  above  the  beta-transus  temperature. 


Because  of  the  difficulties  encountered  in 
deforming  Ti- 13V- 1  lCr-3Al  alloy  at  high  strain 
rates,  press  forging  is  usually  used  to  form  this 
alloy.  Pratt  &  Whitney  Aircraft  Company  in¬ 
vestigations  have  revealed  that  at  forging  temper' 
atures  at  1750  F  or  below  a  50  percent  reduction 


Temp*roiur« ,  F  2  Temperature , 
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1-6.6.  1-1.  PHASE  DIAGRAM  OF  B-  120VCA 
AI.LOY  WITH  VARIABLE  CHROMIUM 
CONTENT  (Ti-13V-Cr-3Al-0.  05  02)(1) 


0  12  3  4  5  6 


Aluminum  Content ,  per  cent 

FIGURE  1-6.  6.  1-2.  PHASE  DIAGRAM  OF  B- 

120VCA  ALLOY  WITH  VARIABLE  ALU¬ 
MINUM  CONTENT  (Ti-13V-llCr-Al-0.  05- 

o2>(1> 


in  the  final  operation  results  in  a  structure  capable 
of  meeting  subsequent  aged  strength  requirements 
{180  ksi  yield  strength)^).  While  these  deformation 
temperatures  are  above  the  beta  transus  temper¬ 
ature,  the  cooled  structure  is  not  acicular  because 
equiaxed  beta  phase  is  retained  to  room  temperature, 
due  to  the  high  alloy  content.  It  is  retained  from 
still  higher  forging  temperatures  too,  but  subse¬ 
quent  aged  properties  are  not  so  good,  probably 
because  of  excessive  grain  growth  and  contamin¬ 
ation  at  the  -ligher  forging  temperature.  Pratt  & 
Whitney  also  found  that  a  1450  F  solution- annealing 
treatment  following  the  forging  operation  was  bene¬ 
ficial  in  reducing  the  spread  in  strength  values  from 
place  to  place  within  the  forging. 

The  Ti  -  13V  - 1  lCr-3Al  alloy  normally  is 
fabricated  to  flat- rolled  products  in  the  beta- 
phase  field.  (The  final  fabrication  of  sheet  by 
roiling  to  finish  gages  is  often  done  cold  to  obtain 
improved  flatness  and  gage  uniformity.)  After 
fabrication,  the  metal  is  annealed  in  the  beta  field 
for  1/4  to  1/2  hour  at  1400  to  1450  F,  followed  by 
air  cooling. 

While  it  is  known  that  the  uniform  elongation 
of  Ti-13V-llCr-3Al  alloy  at  room  temperature  is 
fairly  low,  bend  ductility  is  excellent.  Also,  flow 
stresses  at  strain  rates  typical  of  stretch  forming 
are  nigh.  Thus,  while  such  operations  as  stretch 
forming  at  room  temperature  may  be  difficult  even 
on  fully  annealed  material,  operations  such  as  in¬ 
volve  bending  are  easily  performed.  The  effect  of 
cold  work  on  the  subsequent  properties  of  Ti-13V- 
llCr-3Alare  shown  in  Figure  1-6.6.  2-1^  The 
effect  of  cold  work  on  annealed  and  aged  material 
{strained  after  annealing  and  priot  to  aging)  is 
shown  in  Figure  1-6.  6.  2-2. 

Moderately  elevated  temperatures  may  be 
used  to  enhance  the  forming  characteristics  of  the 
beta  alloy.  For  example,  uniform  elongation  of 
annealed  Ti-  13V-llCr-3Al  is  increased  as  shown 
below: 

Uniform 

Temperature,  Elongation 

F _  % 

RT  5-8 

100  10-11 

200  ~13 

400  ~14 

Elongation  decreases  somewhat  between  400  and 
800  F,  then  increases  rapidly  above  800  F.  With 
respect  to  the  effect  of  warm  working  after  solu¬ 
tion  treatment  on  the  subsequent  aged  properties 
of  tfce  beta  alloy,  there  is  little  difference  between 
warm  working  and  cold  working.  Both  operations 
serve  to  produce  favorable  distribution  of  the 
alpha  precipitate  and  accelerate  the  aging  response 
-s  illustrated  in  Figure  1-6.  6.2-3.'  '  The  degree 
of  acceleration  is  inversely  proportional  to  working 


OJ  I  K)  IOO  1000  10.000 

Trans  for.TwlKXi  Time ,  hours 

FIGURE  1-6.6.  1-3.  TTT  DIAGRAM  FOR  Ti-13V- 
1  lCr- 3A1  AS  DETERMINED  BY  METAL- 
LOGRAPHIC  TECHNIQUE  (Ti- 1 3V- 1  lCr- 
4A1-0.  15  Oz)<1> 

temperature  and  directly  proportional  to  the  amount 
of  cold  or  warm  work  introduced  in  the  material.  Of 
course,  working  at  temperatures  considerably  at-ove 
the  relatively  low  beta-transus  temperature  of  Tj- 
13V-llCr-3Al  alloy  will  have  little  effect  on  subse¬ 
quent  properties,  since  the  annealed  condition  is 
effectively  maintained  during  the  operation. 

1-6.  6.  3  Heat- Treatment  FYactice  and  Effects 


1-6.  6.  3.  0  General  Remarks 

Normal  air  cooling  from  the  annealing  tem¬ 
perature  retains  the  beta- phase  structure.  Thus, 
the  term  "annealed  condition"  is  synonymous  with 
the  term  "solution-treated  condition".  In  the 
annealed  solution-treated  condition,  the  beta  re¬ 
tained  at  room  temperature  is  metastable.  That  iB, 
it  can  be  decomposed  by  thermal  treatment.  The 
precipitation  products  formed  during  such  an  aging 
treatment,  alpha  and  TiCr^,  cause  the  structure 
to  be  stronger  and  less  ductile  than  the  prccipitate- 
free  structure.  A  wide  variety  of  neat  treatments 
to  r.,sul*  in  the  age-hardened  condition  are  possible. 

1-6.  6.3.  1  Stress-Relief  Annealing 

The  temperatures  used  to  stress  relieve  the 
Ti-13V-llCr-3Al  alloy  are  in  the  aging  temperature 
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FIGURE  1-6.  6.  2-  1.  EFFECT  OF  COLD  WORK  ON 
TENSILE  PROPERTIES  OF  ANNEALED 
Ti-13V-llCr-  3A1  SHEET(I) 


range  for  the  material,  although  time  ol  exposure 
for  stress  relief  is  shorter  than  for  aging.  The 
bulk  of  the  stress- relief  annealing  data  available  is 
for  the  stress- relief  annealing  of  weldmecib.  TMCA 
reports  that  fusion  weldments  in  0.250-inch  plate 
may  be  stress  relieved  to  zero  residual  stress 
levels  by  the  following  treatments:^) 

4  hours  at  900  F,  AC 
1  hour  at  1000  F,  AC 
<1/2  hour  at  1100  F,  AC 
<1/2  hour  at  1200  F,  AC 

Pratt  &  Whitney  Aircraft  Company  found 
that*.  550  F  preheat  on  material  to  be  velded  re¬ 
duced  residual  tensile  stresses  ill  the  -  eldiuent 
by  ?.s  much  as  6C  percent.  ^  They  a  o  found 
that  cold  rolling  the  weldments  reduced  longitudinal 
residual  tensile  stress  (20  percent  cold  reduction 
was  required  for  zero  residual  stress).  Fifteen- 
minute,  1400  F,  or  5-minute,  1800  F,  treatments 

resulted  in  weld  embrittlement.  However  ,  for 
stress-relief  annealing  of  material  other  than 
weldments,  a  1400  to  1450  F  rcannealing  treatment 
would  be  satisfactory. 
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FIGURE  1-6.  6.  2-2.  EFFECT  OF  STRAINING 

AFTER  SOLUTION  TREATMENT  ON  THE 
SUBSEQUENT  AGED  PROPERTIES  OF 
T;-  13V-  1  lCr- 3A1  SHEET  AGED  72  HOURS 
AT  900  F*1) 


Producers  of  Ti- 13V- 1  lCr-3Al  alloy  recom¬ 
mended  interstage  annealing  of  sheet  parts  where 
deformation  is  severe.  A  1350  to  i400  F  treatment 
is  recommended.  Stress  relief  of  parts  formed 
from  solution-treated  stock  may  be  accomplished 
during  subsequent  aging  at  900  F.  If  aging  is  not 
planned,  1'  minut>  a  at  1000  F  stress-relief 
annealing  is  recommended. 

1-6.  6.  3.2  Annealing 

Annealing  for  Ti- 13V- 1  lCr-3Al  alloy  is  the 
same  as  solution  treating. 

1-6.  6.3.3  'Strengthening  Heat  Treatments 

High  strengths  can  be  achieved  in  the 
Ti-13V-llCr-3Al  alloy  through  a  duplex  heat- 
treatment  process.  In  general,  solution  annealing 
above  1400  F  followed  by  water  quenching  or  air 
cooling  (the  beta  alloy  is  not  very  sensitive  to 
cooling  rate  because  of  the  high  beta- stabilizer 
content)  prepares  the  material  for  subsequent 
aging  Aging  treatments  may  vary  widely,  but 
usually  are  carried  out  within  an -800  to  1000  F 
temperatu:-  range. 

1-6.  6.3.3.  1  Hardenahility 

Very  thick  sections  of  Ti- 13V- llCr-3Al 
alloy  (as  in  forgings}  nay  be  hardened  by  aging 
treatments  to  high  strength  levels  from  the  solution- 
annealed  condition. 


FIGURE  1-6.  6.2-3.  EFFECT  OF  WARM  AND 

COLD  ROLLING  ON  THE  LONGITUDINAL 
AGED  TENSILE  PROPERTIES  OF  THE  Ti- 
13V-  llCr-3Al  ALLOY*1) 

1-6.  6.  3.3.2  Solution  Annealing 

As  might  be  expected,  solution  temperature 
variables  affect  the  subsequent  aging  response. 

Long  periods  at  high  temperatures  result  in  sub¬ 
sequent  undesirable  aged  properties  (low  ductility), 
possibly  from  grain  growth  and  associated  break¬ 
down  of  favorable  nucleation-site  distribution.  The 
grain-growth  rates  of  Ti-13V-llCr-3Al  alloy  at 
four  temperatures  are  depicted  in  Figure 
1-6.  6.  3.  3.  2-1. (1’6)  The  effect  of  solution  tem¬ 
perature  on  the  aging  response  of  the  alloy  as  it 
effects  hardness  is  shown  in  Figure  1-6.  6.  3.  3.  2-2. ' 
Within  the  solution-temperature  range  (1300  to 
1900  F),  there  is  little  change  in  aging  response. 
Data  are  available  that  indicate  the  insensitivity  to 
cooling  rate  from  solution  temperature  on  the 
subsequent  aged  tensile  properties.  Water 
quenching  from  the  solution- heat-treatment 
temperatures  does  not  offer  a  significant  advan¬ 
tage  over  air  cooling,  except  where  it  might  aid  in 
removing  heat  from  thick  sections. 

1-6.  6.  3.3.  3  Aging  Heat  Treatments 

The  advantage  of  increased  strength  is  gained 
by  heat  treatments  that  .  'dify  the  metastable  beta 
structure  to  beta  plus  the  decomposition  products. 

For  all  practical  purposes,  the  decomposition 
of  the  metastable  beta  is  unattainable  below  about 
600  F.  Normally,  the  agin?  of  the  solution-treated 
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riGURE  l-6.>.  3.  3.  2-1.  GRAIN  SIZE  OF  Ti-  13V- 
llCr-3Al  ALLOY  VERSUS  TIME  AT  IN¬ 
DICATED  TEMPERATURE*1' 


and  cooled  alloy  is  accomplished  by  long-time 
exposure  (20  to  100  hour?)  at  temperatures  be¬ 
tween  800  and  950  F.  These  conditions  arc  readily 
understood  from  the  TTT  data  illustrated  in  Figure 
1-6.  6.  1-3.  The  effects  of  aging  times  and  temper¬ 
atures  on  tensile  properties  are  shown  in  Figure 
1-6.  6.  3.  3.  3-l(l),  which  summarizes  the  data  ob¬ 
tained  from  Titanium  Metals  Corporation  of  America, 
Martin  Aircraft  Company,  and  Crucible  Steel  Com¬ 
pany.  These  data  are  for  longitudinal  sheet  speci¬ 
mens,  which  differ  only  slightly  fjpm  data  obtained 
with  transverse  specimens.'  The'  data  show  that  peak 
aging  response  is  obtainable  at  about  900  F.  Based 
on  these  data,  overaging  docs  not  occur  in  times  up 
to  100  hours  using  the  900  or  1000  F  aging  temper¬ 
atures.  Presumably,  overaging  would  occur  with 
longer  holding  times  at  these  temperatures.  Single 
aging  at  600,  700,  800,  9 00,  and  1000  F  for  times 
up  to  500  hours  did  not  result  in  overaging  in  one 
group  of  tests. 

» 

As  mentioned  previously,  aged- strength  and 
ductility  combinations  and  rate  of  agir.g  are  depen¬ 
dent  upon  the  processing  history  of  the  metal  being 
heat  treated.  It  has  been  determined  that  optimum 
aged  properties  are  obtainable  when  the  prior  his¬ 
tory  of  the  metal  is  such  as  to  create  favorable  nu- 
cleation  distribution.  This  in  general  implies 
some  residual  strain  energy  to  promote  dispersed 
nucleation.  Cold-worked  plus  annealed  material 
has  different  aging  characteristics  than  fully 
annealed  metal.  Generally?  the  effects  of  re  sidual 
strain  energy  on  the  aging  response  of  the  alloy  are 
twofold:  (1)  acceleration  of  the  aging  reaction  and 
(2)  somewhat  better  ductility  for  some  strength 
levels. 
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Solution  Temperature ,  F 

FIGURE  1-6.  6.  3.  3.  2-2.  EFFECT  OF  SOLUTION 

TEMPERATURE  ON  THE  ANNEALED  AND 
ANNEALED  PLUS  900  F  AGED  HARDNESS 
OF  Ti-13V-UCr-3Al  ALLOY*1' 


1-6.  6.  i  Stability 

Since  the  Ti- 13V- HCr-3Al  alloy  in  the 
annealed  condition  is  subject  to  precipitation 
reactions,  as  illustrated  in  Figure  1-6.6.  1-3,  the 
thermal  stability  of  this  alloy  in  this  condition  is 
definitely  limited  to  those  times  and  temperatures 
that  do  not  cause  the  metallurgical  reactions.  As 
stabilized  by  ar  aging  treatment,  the  Ti-13V-llCr- 
3A1  alloy  is  much  more  thermally  stable  since  the 
metastable  beta  has  already  been  decomposed  to 
equilibrium  products.  Chemically,  the  beta  alloy 
might  be  expected  to  be  very  inactive  because  of 
its  high  alloy  content.  However,  it  reacts  to 
interstitial  contaminants  in  much  the  same  way  and 
to  about  the  same  extent  as  other  titanium  alloys 
and  has  been  shown  to  be  fairly  susceptible  to 
hot- salt  stress  corrosion. 

1-6.  6.  4.1  Thermal  Stability 

The  ability  of  the  solution- annealed  beta 
alloy  to  maintain  mechanical  properties  at  elevated 
temperature  is  limited  to  fairly  short  exposure  time 
at  temperatures  up  to  about  600  F.  The  change  in 
properties  of  solution-annealed  metal  as  well  as 
the  added  effect  of  cold  work  on  the  thermal- expo  sure 
stability  of  Ti- 13V-llCr-3Al  is  shown  in  Figure 
1-6.  6.  4.  1-1.  *^  The  effect  of  an  added  variable, 
stress,  is  shown  below  and  in  Table  1-6.  6.  4, 1-1.  W 
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FIGURE  1-6.  6.  3.  3.  3-1.  EFFECT  OF  AGING  TIME 
ON  THE  LONGITUDINAL  SHEET  TENSILE 
PROPERTIES  OF  THE  Ti- 13V- 1  lCr- 3A1 
ALLOY*1’ 
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The  thermal  stability  of  aged  metal  is  better 
than  solution- annealed  metal,  as  would  be  expected. 
Tensile  data  before  and  after  creep  exposure  arc 
given  in  Tables  1-6.  6.  4.  i-2'15  and  1-6.  6.  4.  1-3*15 
which  verify  th>s.  It  is  generally  conceded  however, 
that  even  for  aged  material,  the  temperature  limit 
for  thermal  stability  in  Ti-13V-llCr-3Al  is  575- 
600  F  for  long-time  exposure. 


1-6.  6.  4.  2  Chemical  Stability 

The  reactivity  of  the  all-beta  alloy  in 
chemical  environment  is  fairly  typical  of  all 
titanium  alloys.  Reactivity  increases  with  in¬ 
creasing  temperature.  The  Ti-13V-llCr-3Ai 
does  not  appear  to  discolor  and  scale  up  as  badly 
as  some  other  titanium  alloys  at  temperatures 
as  low  as  at  500  to  600  F;  however,  little  difference 
in  discoloration  and  scaling  is  noted  nfc  higher 
temperatures.  An  indication  of  the  depth  of  scale 
buildup  at  solution  annealing  temperatures  is  given 
by  the  data  in  Table  1-6.  6.  4.  2- 1.  **) 
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FIGURE  1-6.  6.  4.  1-1.  EFFECT  OF  600  F  THERMAL 
EXPOSURE  ON  THE  TENSILE  PROPERTIES 
OF  COLD- ROLLED  Ti-13V-llCr-3Al 
ALLOY'15 

Limited  test  data  are  available  showing  the 
hot-salt- stress  corrosion  susceptibility  of 
Ti-13V-llCr-3Al  alloy.  The  NASA  experiments 

indicated  that  most  salt-exposed  material  in  the 
aged  condition  will  crack  in  55P  F ,  100- ksi  ex¬ 
posure  during  a  4000-  to  6000-hour  run.  I®)  There 
were  indications  in  the  same  program  that 
Ti-13V-llCr-3Al  alloy  was  not  quite  as  susceptible 
to  salt  corrosion  as  Ti-6A1-4V  or  Ti-8A1- IMo- IV 
alloys. 

More  recently,  in  tests  conducted  at  the 
Lockheed  Aircraft  Company,  California,  500  F 
salt  exposure  tests  indicated  a  pronounced  ctress 
corrosion  susceptibility  of  both  annealed  and  aged 
Ti-13Y-lICr-3Al  alloy  when  exposed  in  tests 
simulating  various  fastening  techniques  (e,  g. , 
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TABLE  1-6. 6. 4. 1-1.  CREEP  AND  CREEP-STABILITY  DATA  FOR  ANNEALED  Ti-13V-llCr-3Al  SHEET*1) 


Creep-Exposure  Condltiom 

Stress,  Test  Duration, 

Tempetati'te.  F  kti  hours 

Total 

Plastic 

Deformation, 

* 

Room- 

Ultimate 

Tensile 

Sttength, 

ksl 

•Temperature  Tensile  Properties 

Yield  Strength.  Elongation, 

ksl  * 

Not  exposed 

... 

.. 

— 

129 

127 

25 

300 

60 

500 

-0. 3<b) 

130 

130 

24 

Not  exposed 

— 

— 

— 

128 

128 

24 

300 

60 

500 

-0. 2(b) 

128 

128 

23 

Not  exposed 

— 

— 

— 

142 

141 

23 

400 

90 

474 

0.15 

(*) 

(*> 

20 

400 

100 

496 

0. 19 

(*) 

23 

Mot  exposed 

— 

— 

— 

129 

127 

21 

500 

40 

500 

-0. 2<b) 

130 

130 

25 

Not  exposed 

-- 

— 

— 

127 

its 

21 

500 

40 

50C 

-0, 4^b) 

132 

131 

23 

500 

80 

647 

0.02 

<*) 

<*) 

18 

500 

90 

305 

0. 15 

(*) 

(*) 

20 

Not  exposed 

— 

— 

— 

128 

126 

25 

600 

30 

£00 

0.2 

213 

210 

1.2 

Not  exposed 

— 

— 

— 

128 

125 

22 

600 

30 

500 

0.8 

188 

180 

1.5 

(a)  Strengths  not  reported. 

(b)  Negative  strain  measurements. 

TABLE  1-6. 6. 4. 1-2, 

,  CREEP  AND  CREEP-STABILITY  DATA  FOR  AGED  T1-13V-11Q-3A1  SHEET*1) 

(Aging  Heat  Treatments  Not  Described) 

Boom -Temperature  Tensile  Properties 

Total 

Ultimate 

Creep-Exposure  Conditions 

Plastic 

Tensile 

Stress, 

Test  Duration 

,  Deformation, 

Strength, 

Yirld  Sttength, 

Elongation, 

Temperature,  F 

kti 

hours 

* 

kti 

kti 

* 

No  exposure 

— 

— 

— 

200 

180 

5.0 

500 

105 

1502 

0.05 

197 

180 

6.5 

500 

105 

1502 

0.14 

171 

165 

6.0 

No  exposure 

— 

— 

— 

190 

170 

6.0 

676 

65 

1503 

0.07 

182 

169 

6.0 

575 

100 

1435 

0.10 

211 

196 

ogmM 

575 

100 

1307 

0.10 

210 

188 

6.6 

No  exposure 

— 

— 

— 

200 

180 

6.0 

eoo 

95 

1502 

0. 11 

200 

184 

2.0 

600 

100 

712 

0.13 

215 

192 

6.6 

No  exposure 

— 

-- 

— 

189 

174 

10.5 

625 

65 

i&o 

0.00 

192 

178 

8.5 

No  exposure 

— 

— 

— 

200 

180 

5.0 

800 

80 

JO 

0.15 

202 

186 

3.0 

800 

100 

10 

0.24 

197 

186 

— 

No  exposure 

— 

— 

— 

140 

135 

22.0 

800 

80 

10 

0.12 

147 

146 

16.0 

800 

100 

10 

""■ar/i-  pg 

C.68 

161 

161 

10.0 

{*)  COM  *  Beck*  on  gage  mark. 
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TABLE  1-6.  6.  4.  1-3.  CREEP  AND  CREEP-STABILITY  DATA 
FOR  AGED  Ti-1 3V-1  JCr-3Al  SHEET  (0.  OZZ-INCH)*1) 

Solution  treated  1/2  hour  at  1400  F,  AC,  aged  112  houra 
at  900  F,  AC. 


TABLE  1-6.  6.  4.  2-  1.  HARDNESS  AND  DEPTH  OF 
SCALE  MEASUREMENTS  ON  Ti-13V-llCr- 
3A1  ALLOY  AFTER  SOLUTION- ANNEALING 
TREATMENTS^1* 


RT  Tenaile  Propertlea  Poor  to  Creep  Eapoaure 


Ultimate,  Yield,  Elongation,  Reduction  in  Area, 


k.i 

kti 

% 

% 

189.9 

167.8 

15.0 

37.0 

186.0 

164.6 

13.3 

38.4 

191.0 

170.6 

11.7 

37.2 

Creep 

Street, 

kti 

Dura¬ 
tion  of 
Test, 
hr 

Plastic 

Creep, 

* 

RT  Properties  Subsequent  to  Creep 
Exposure 

Ultimate 

Strength, 

ksi 

0.25 

Yield 

Strength, 

kti 

Elonga¬ 

tion, 

% 

PA, 

% 

40.0 

286 

0.707 

205.5 

189.0 

10.0 

27.6 

40.0 

286 

0.705 

208.4 

192.8 

10.0 

29.6 

38.7 

286 

0. 626 

205.2 

187.7 

10.0 

29.0 

38.7 

286 

0.633 

202.  3 

185.3 

10.0 

3S.5 

41.3 

286 

0.830 

41.3 

598 

1.137 

193.9 

18/.  1 

Nil 

3.0 

40.6 

286 

0.  791 

40.6 

598 

1.109 

209.7 

195.7 

3.3 

6.5 

40.0 

286 

0.785 

40.0 

598 

1.112 

210.3 

194.7 

3.3 

6.5 

40.0 

286 

0.802 

40.0 

598 

1.100 

204.1 

189.0 

1.7 

3.0 

31.4 

286 

0.393 

204.4 

184.1 

10.0 

38.2 

30.0 

286 

0.530 

204.6 

<«) 

11.7 

28.6 

29.6 

286 

0.707 

206.9 

<*) 

10.0 

25.7 

30.0 

286 

0.491 

30.0 

598 

0. 620 

203.’ 

182.9 

5.0 

8.3 

29.6 

286 

0.517 

29.6 

598 

0.  577 

205.6 

187.7 

6.7 

13.9 

(a)  Reteated  without  extenaomater,  alter  grip  failure. 


rivet,  screw,  spot,  and  fusion  welds),  Some 
susceptibility  also  was  indicated  on  material 
worked  by  bending.  Thus,  while  stress  levels 
that  promote  stress  corrosion  are  undefined  in 
these  tests,  it  is  apparent  that  operations  resulting 
in  high  residual  stresses  result  in  the  salt-cracking 
phenomenon  at  500  F  in  times  less  than  2000  hours 
and  in  most  fastener  applications  in  times  less 
than  100  hours. 

While  the  laboratory  experience  indicates 
the  hot- salt  stress  corrosion  susceptibility  of  the 
all-beta  alloy,  it  should  be  noted  that  intentional 
salting  may  be  much  more  damaging  than  service 
environment.  The  all-beta  alloy  is  in  use  on  super¬ 
sonic  aircraft,  and  while  experience  is  probably 
short  and  is  not  subject  to  public  inspection,  it  is 
noteworthy  that  material  changes  in  such  supersonic 
aircraft  have  not  been  ordered. 
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Treatment^3* 

Average  Vickers 

Hardness^), 

20-ke  load 
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344 

0.  0047 
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1-7.0  GENERAL  REMARKS  stabilizer  content,  4  percent  aluminum,  is  bal¬ 

anced  against  the  strong  beta- stabilizing  char- 
The  Ti-4Al-3Mo- IV  alloy  was  initially  de-  acteristics  of  the  i  percent  molybdenum  plus  1 

veloped  to  meet  the  needs  for  a  highly  formable  percent  vanadium  content.  One  result  of  this 

material  which  could  be  subsequently  aged  to  very  combination  of  alloying  additions  is  that  relatively 

high  strength.  Extensive  testing  of  this  material  large  amounts  of  the  beta  phase  can  be  stabilized 

during  the  Department  of  Defense  Sheet  Rolling  to  room  temperature  during  solution  treatment. 

Program  indicated  a  highly  desirable  combination  The  usual  structure  of  the  solution-treated  con- 

of  properties.  More  recently,  testing  of  materi-  dition  is  therefore  a  mixed  alpha-beta  structure 

als  for  SST  candidacy  showed  that  the  Ti-4Al-3Mo-  which  is  fine- grained  and  composed  of  primary 

IV  alloy  is  highly  resistant  to  aqueous  stress  equiaxed  alpha  grains  in  a  beta-phase  matrix, 

corrosion.  The  material  is  essentially  limited  to  This  structure  is  a  relatively  low-strength,  high- 

flat- rolled  products.  ductility  structure  which  can  be  subsequently  age 

hardened.  Aging  consists  of  reheating  to  moder- 

1-7.  1  COMMERCIAL  DESIGNATIONS  ately  elevated  temperatures.  It  is  believed  that 

the  aging  reaction  consists  of  decomposition  of 

Designation  _ Producer _  the  beta  phase,  which  transforms  to  the  low- 

temperature  equilibrium  alpha  phase  plus  inter- 

C-115AMoV  Crucible  Steel  Company  mediate  phases  during  aging.  The  richness  of 

RMI-4A1- 3Mo- 1 V  Reactive  Metals,  Incorporated  the  beta  phase  affords  a  large  aging  response;  that 

Ti-4Al-3Mo-  IV  Titanium  Metals  Corporation  is,  the  alloy  can  be  aged  to  a  very  high-strength 

condition.  The  appearance  of  the  aged  structure 
Forma  Available^)  metallographically  is  like  the  solution-heat-treated 

structure  except  that  the  beta  matrix  is  dark  stain- 

S,s,P  ing  after  the  aging  treatment. 

S,s,P 

S,s,P  1-7.6.  2  Deformation  Practice  and  Effects^ 

(a)  S  =  sheet,  s  =  strip,  P  =  plate.  The  Ti-4A1- 3Mo- IV  composition  represents 

a  type  of  titanium ,  alpha-beta  alloy  uncommon  to 
1-7.  2  ALTERNATE  DESIGNATIONS  (COMMON  current  commercial  grades  with  regard  to  form- 

NAMES)  ability.  It  is  essentially  a  flat-rolled  product  al¬ 

loy,  and  therefore  sheet- forming  operations  are 
Ti-4-3-1,  4-3-1,  or  431  alpha-beta  alloy.  emphasized  in  this  section.  The  Ti-4Al-3Mo- IV 

alloy  is  unique  inasmuch  as  formability  limits  ap- 

1-7.  3  ALLOY  TYPE  proach  those  for  some  unalloyed  grades  and  yet 

the  material  can  subsequently  be  strengthened  by  ’ 
Alpha-beta  (rich- beta  content).  heat  treatment.  It  is  unique  in  part  because  of  the 

large  spread  between  yield  and  ultimate  strength 
1-7.4  COMPOSITION,  RANGE  OR  MAX1MUMS,  %  in  the  solution- treated  condition,  which  permits 

extensive  deformation  without  appreciable  thin- 

_ Major  Elements  Interstitial  Elements  ning  or  rupture.  The  alloy  can  be  formed  in 

either  the  annealed,  the  solution-treated,  or  in 
Aluminum  3. 75-4.  75  Carbon  0.  08  max  the  solution-treated  plus  aged  condition.  Also, 

Molybdenum  2.  5-3.  5  Nitrogen  0.  05  max  the  alloy  can  be  formed  from  room  temperature 

Vanadium  0. 5-1.5  Oxygen  --  to  fairly  high  temperatures ,  but,  of  course,  the 

Iron  0.25  max  Hydrogen  0.  015  max  original  sheet  condition,  the  severity  of  the  form¬ 

ing  operation,  and  the  final  properties  desired, 

1-7,  5  SPECIFICATIONS  dictate  the  selection  of  forming  temperatures. 


AMS  4912 
AMS  4913 
MIL-T-9046F 
MIL-T-8884  (ASG) 
MIL-T- 14558 


1-7.  6  ALLOY  DESCRIPTION  AND  METALLURGY 


1-7.6.  1  Composition  and  Structure 


The  Ti-4Al-3Mo- IV  alloy  is  an  alpha- beta 
alloy  in  which  only  a  moderate  amount  of  alpha- 


Solution-heat-treated  Ti-4Al-3Mo-lV  alloy 
has  a  low  yield  strength  (as  lew  as  90  ksi)  and  ex¬ 
cellent  ductility  at  room  temperature.  These 
properties  do  not  change  appreciably  until  tem¬ 
perature  exceeds  1000  F.  Thus,  hot  forming  of  the 
solution-treated  material  offers  little  or  no  im¬ 
provement  over  cold  forming  until  forming  tem¬ 
peratures  exceed  1000  F.  Hot  stretching  and  hot, 
drop-hammer  forming  of  solution-treated  sheet 
above  1000  F  may  have  certain  advantages  over 
cold  forming.  The  use  of  temperatures  higher 
than  the  preferred  aging  temperature  results  in  u 
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gradual  deterioration  of  subsequent  aged  proper¬ 
ties.  If  very  high  forming  temperatures  are  re¬ 
quired  to  make  a  part,  there  is  no  advantage  in 
using  solution-heat-treated  material.  Annealed, 
flat-rolled  product  should  be  used  in  such  cases. 
After  forming,  the  material  can  then  be  put  into  the 
solution- treated  plus  aged  condition. 

Forming  operations  in  the  solution- treated 
condition  such  as  brake-press  bending,  stretching 
of  skins,  and  joggling  can  be  done  at  room  tempera¬ 
ture.  More  severely  formed  parts,  such  as  com¬ 
plex  curvatures  or  stretch  and  shrink  flanges, 
generally  require  a  sequence  of  cold  forming  fol¬ 
lowed  by  hot  sizing  in  matched  dies.  Final  hot 
sizing  at  elevated  temperatures  eliminates  spring- 
back  and  buckled  flanges.  Use  of  a  hot- sizing  oper¬ 
ation  results  in  final  parts  of  close  dimensional 
tolerance. 

Sheet  material  in  the  solution- treated  con¬ 
dition  is  guaranteed  to  bend  105  degrees  without 
cracking  around  a  radius  of: 

3.  5  x  sheet  thickness  for  gages  0.  070  inch 
and  less. 

4.  0  x  sheet  thickness  for  gages  0.  070  inch 
to  0.  187  inch. 

Parts  involving  long  bends  can  be  success¬ 
fully  formed  on  production  shop  equipment  by  em 
ploying  a  die  having  a  radius  approximately  one 
sheet  thickness  greater  than  these  guaranteed  bend 
radii. 


A  loss  of  15  to  25  degrees  in  the  included 
bend  angle  muet  be  expected  because  of  springback 
in  forming  at  room  temperature.  This  will  be  true 
of  flange  angles  formed  by  brake  press,  rubber 
press,  or  drop  hammer.  Springback  may  be  com¬ 
pensated  for  by  overforming,  oir  may  be  eliminated 
by  subsequent  hot  sizing  in  matched  dies. 

Ti-4Al-iMo-lV  sheet  in  the  solution-treated 
condition  may  be  stretch  formed  and  stretch  wrap¬ 
ped  at  room  temperature.  Full-range  stress-strain 
curves  for  solution-treated  sheet  are  shown  in 
Figure  1-7.  6.2-1.  Over  one  half  of  the  tensile 
elongation  is  distributed  uniformly  over  the  length 
of  a  unidirectional- st retched  section.  Wrap  form¬ 
ing  and  stretch  wipe  forming  of  angled  sections  at 
room  temperature  followed  by  hot  sizing  to  elimin¬ 
ate  springback  and  twist  is  a  recommended  proce¬ 
dure 


Stretch  and  shrink  flanged  parts  having  large 
radii  of  curvature  and  short  flange  heights  may  be 
formed  at.  room  temperature  without  buckling. 
Springback  must  be  allowed  for  in  the  die  design. 
More  severe  curvatures  and  greater  flange  heights 
are  obtained  by  cold  rubber  forming  followed  by 
hot  sizing  to  eliminate  springback  and  remove 
buckles.  The  maximum  buckle  that  can  be  removed 


in  a  hot- sizing  operation  determines  the  design 
limit  of  flange  height  or  curvature  radius.  Beyond 
a  certain  severity,  buckles  cannot  be  removed  in 
hot  sizing  without  exceeding  the  allowable  tem¬ 
perature  limitations  imposed  by  aging  response. 

Cold  forming  of  parts  to  approximate  di¬ 
mensions  on  the  drop  hammer  can  be  followed  by 
a  hot  sizing  operation  to  attain  final  part  dimen¬ 
sions.  If  the  complexity  of  the  part  makes  hot 
sizing  impractical,  higher  blank  temperatures 
must  be  used  to  make  the  material  flow  under  the 
hammer. 

Acceptable  joggles  can  be  produced  at  room 
temperature.  Joggles  having  a  length- to- depth 
ratio  as  severe  as  2:1  at  depths  as  high  as  six 
times  sheet  thickness  have  been  produced  cold. 

Conduction  heating  and  triple-action  ram 
coin  dimpling  at  ram  loads  in  the  range  of  5,000 
pounds  produce  satisfactory  dimples  for  rivets. 
Sheet  temperatures  should  attain  1000  to  1100  F. 
Care  should  be  taken  to  avoid  surface  overheating 
or  oxidation  during  all  hot  forming  operations. 
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FIGURE  1-7.  6.  2-1.  THE  EFFECT  OF  TESTING 
TEMPERATURE  ON  STRESS- STRAIN 
CURVES  OF  SOLUTION- TREATED  Ti- 
4A1-3MO-1V  SHEET* 

When  hot  forming  at  temperatures  above 
1150  F  is  required  to  improve  bendability  or 
general  formability,  material  in  the  annealed  con¬ 
dition  should  be  used.  Complex  parts  can  be  form¬ 
ed  by  heating  annealed  blanks  to  temperatures  of 
1100  to  1400  F  --  the  best  approach  is  that  of 
heating  the  work  material,  staging  of  the  part 
through  several  dies,  with  interstage  annealing. 

Above  1000  F,  material  in  the  annealed  con¬ 
dition  loses  strength  and  gains  ductility  very  rapid¬ 
ly.  Bend  ductility  improves  to  the  point  where  a 
90- degree  IT  radius  bend  may  be  obtained  at 
12  00  F  and  higher. 
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Full-range  stress- strain  curves  from  room 
temperature  to  1000  F  for  material  in  the  annealed 
condition  are  shown  in  Figure  1-7.6.  2-2. 

There  is  no  detrimental  effect,  other  than 
oxidation,  from  heating  to  temperatures  up  to 
1500  F.  Oxidation  becomes  significant  above 
1100F. 

When  annealed  material  is  used  for  forming, 
the  formed  part  must  be  solution  treated  and  aged 
to  attain  high  strength  after  the  forming  operation. 
During  the  water  quench  ft  om  the  solution  tem¬ 
perature,  distortion  of  the  part  may  require  a  final 
sizing  operation.  Drop- hammered  parts  may  be 
restruck  following  solution  treatment  to  obtain  final 
dimensions. 

Sheet,  fully  or  partially  aged,  is  recommend¬ 
ed  as  starting  material  for  fabrication  of  single¬ 
contour  skins  requiring  a  small  amount  of  deforma¬ 
tion  by  stretching,  or  double- contour- skin  sections 
that  are  to  ue  creep  formed.  The  use  of  aged  sheet 
eliminates  furnace  time  normally  encountered  in 
the  age  cycle. 


FIGURE  1-7.  6.  2-2.  THE  EFFECT  OF  TESTING 

TEMPERATURE  ON  THE  STRESS-STRAIN 
CURVES  OF  ANNEALED  Ti-4A1- 31do- lV*1* 


employment  of  a  high-temperature  deformation 
mechanism  whereby  rough- shaped  parts  are  forced 
to  assume  a  specified  geometry.  Hot  sizing  is 
generally  accomplished  by  restraining  the  part  in 
matched  dies  of  the  required  part  shape  and  holding 
the  dies  and  part  at  a  sufficiently  high  temperature 
or  by  using  hot- sizing  presses  having  heated  pla¬ 
tens.  The  minimum  hot- sizing  temperature  is  that 
which  is  required  to  dissipate  residual  elastic 
stresses  and  cause  the  material  to  strain  slowly 
by  creep  deformation.  Maximum  temperatures, 
when  solution-treated  material  is  being  sized,  are 
those  that  do  not  cause  excessive  overaging  or  loss 
in  subsequent  aging  response..  For  Ti-4A1- 3Mo- IV 
solution-treated  sheet,  the  allowable  temperature 
range  for  hot  sizing  is  925  to  1125  F. 

The  degree  of  sizing  obtained  is  a  function 
of  time  of  exposure,  as  well  as  of  temperature. 
When  hot  presses  are  available,  production  con¬ 
siderations  generally  limit  the  allowable  exposure 
time  to  10  to  20  minutes.  Using  this  optimum  pro¬ 
duction  exposure  time,  Ti-4A1- 3Mo- IV  requires  a 
sizing  temperature  between  1050  F  and  1100  F. 
When  pa-ts  are  restrained  in  dies  and  heated  in 
conventional  furnaces,  times  necessarily  must  be 
longer.  In  such  cases,  the  temperature  of  ex¬ 
posure  should  not  exceed  t050  F. 

Aging  can  be  accomplished  concurrently  with 
the  hot-sizing  operation.  This  procedure  is 
applicable  when  the  aging  temperature,  925  F ,  is 
sufficient  to  hot  size  the  part.  Aging  time  in  the 
hot- sizing  operation  is  not  critical  in  the  range 
from  6  to  12  hours. 

Deformation  and  hi'  h- temperature  heating 
during  fabrication  may  c.  «.nge  both  the  solution- 
treated  and  final  aged  properties.  Straining  and 
overheating  can  both  have  deleterious  effects  upon 
this  type  of  alloy  if  improperly  controlled.  Proper 
attention  to  fabrication  deformation  and  tempera¬ 
ture  as  well  as  aging  and  stress- relief  cycles  will 
result  in  finished  parts  having  excellent  strength 
and  ductility. 


Small  amounts  of  tensile  strain  in  aged  ma¬ 
terial  result  in  a  significant  loss  in  the  compression 
yield  strength.  This  loss  in  compression  yield 
strength  may  be  restored  by  a  short -stress- relief 
treatment.  Thirty  minutes  at  1000  F  will  not  im¬ 
pair  the  aged  tensile„properties  and  will  eliminate 
Bauschingr.  r  affect c.'  T 

Creep  forming  of  STA  material,  to  be  suc¬ 
cessful,  should  be  done  in  the  range  850  to  1000  F. 
Care  must  be  taken  not  to  overage  during  the 
creep-forming  operation.  Allowable  times  to  pre¬ 
vent  overaging  vary  from  2  hours  at  900  F  to  1 
hour  at  1000  F. 


When  solution-treated  sheet  is  strained  in 
tension,  the  solution- treated  tensile  properties 
change  because  of  a  strain-hardening  effect. 
Figure  1-7.6.  2-3  illustrates  the  increase  in  yield 
strength  and  loss  in  ductility  due  to  such  defor¬ 
mation. 

Ti-4A1- 3Mo- IV  is  free  from  any  serious 
detrimental  straining  effect  upon  aged  tensile 
properties.  Solution-treated  sheet,  deformed  in 
tension  and  subsequently  aged,  retains  almost  all 
its  full-aged  capabilities,  as  shown  in  Figure 
1-7.  6.  2-4.  Minimum  guaranteed  aged  properties 
are  retained  even  with  large  prestrains. 


The  teim  "Hot  Sizing"  refers  to  a  widely 
accepted  practice  in  the  airframe  industry;  that  is, 


The  compression  properties  of  aged  Ti-4A1- 
i.Mo-lV  sheet  are  slightly  affected  by  prior 
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deformation  in  the  solution-treated  condition, 
as  shown  in  Figure  1-7.  6.2-5. 

Solution- treated  Ti-4Al-3Mo-  IV  sheet  begins 
to  age  at  temperatures  above  600  F.  Figure 
1-9.  6.  2-6  illustrates  that  short  times  at  tempera¬ 
tures  above  600  F  result  in  an  increase  in  strength 
and  a  decrease  in  ductility  due  to  aging.  At  tem¬ 
peratures  approaching  normal  aging  (925  F), 
strength  increases  rapidly  and  ductility  decreases. 
Because  of  this  effect,  hot  forming  material  in  the 
solution-treated  condition  shows  little  or  no  advan¬ 
tage  over  cold  forming  until  temperatures  exceed¬ 
ing  1000  F  are  employed. 

>60 1  i  i - 1 - - 

j  Ultimate  strength  Jl 


Strain,  percent 


02%  yield  strength 


FIGURE  1-7.6.  2-5.  EFFECT  OF  TENSILE 

STRAIN  IN  SOLUTION- TREATED  CON¬ 
DITION  ON  FINAL  AGED  COMPRESSION 
PROPERTIES*1? 


Strain,  percent 

FIGURE  1-7.  6.  2-3.  EFFECT  OF  TENSILE  STRAIN 
IN  SOLUTION- TREATED  CONDITION  ON 
THE  SOLUTION- TREATED  TENSILE.  PRO¬ 
PERTIES  OF  Ti-4Al-3Mo- IV  SHEET*** 


02%  yield  strength 
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FIGURE  1-7.  6.  2-4.  EFFECT  OF  TENSILE  STRAIN 
IN  THE  SOLUTION- TREATED  CONDITION 
ON  FINAL  AGED  TENSILE:  PROPERTIES*!? 


Expomrt  Time,  minutes 


FIGURE  1-7.  6.  2-6.  EFFECT  ON  EXPOSURE  AT 
TEMPERATURES  UP  TO  1000  F  ON  THE 
ROOM- TEMPERATURE  TENSILE  PRO¬ 
PERTIES  OF  SOLUTION- TREATED  Ti- 
4A1-3MO-1V*1? 

Hot  working  or  hot  sizing  at  temperatures 
up  to  1000  F  has  no  detrimental  effect  on  the  aged 
tensile  properties  of  Ti-4A1- 3Mc- IV.  Exposure 
times  of  up  to  1  hour  at  1000  F  do  not  decrease  the 
aged  teneile  properties.  This  is  true  whether  the 
material  is  aged  prior  to  exposure  or  subsequent 
to  the  hot  sizing  or  working  operation.  For  mild 
hot- sizing  operations,  aging  may  be  accomplished 
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simultaneously  by  restraining  the  part  during  the 
IP-hour  age  at  925  F. 


However,  most  hot-sizing  and  some  dynamic- 
forming  operations  may  require  use  of  temperatures 
from  1000  to  1200  F.  Times  at  these  temperatures 
will  generally  be  from  10  to  20  minutes. 

When  exposure  temperature  exceeds  1050  F, 
a  drop  in  the  final  aged  properties  is  encountered, 
as  shown  in  Figure  1-7.  6.  2-7. 

Losses  in  both  tension  and  compression 
strength  of  material  in  the  aged  condition  become 
prohibitive  after  exposure  to  temperatures  exceed¬ 
ing  1100  to  1150  F.  The  sequence  of  forming, 
aging j  and  hot  sizing  is  sometimes  important.  The 
loss  in  compression  yield  strength  due  to  over-  , 
heating  has  been  shown  to  be  less  when  aging  fol¬ 
lows  hot  sizing  than  when  hot  sizing  follows  aging. 
There  is  little  difference  in  final  aged  tensile  pro¬ 
perties  regardless  of  the  sequence  of  contouring 
and  aging  operations. 

Figure  1-7.  6.  2-8  illustrates  that  approxi¬ 
mately  90  percent  of  the  original  compression 
yield  strength  is  retained  after  a  representative 
fabrication  sequence  of  10  percent  strain  and  1100  F 
exposure  for  15  minutes.  The  use  of  lower  expos¬ 
ure  temperatures,  1000  F,  results  m  greater  re¬ 
tention  of  compression  strength. 
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FIGURE  1-7.6.  2-P  EFFECT  OF  DEFORMATION 
AND  EXPOSURE  TEMPERATURE  ON  THE 
COMPRESSION  YIELD  STRENGTH  OF 
AGED  Ti-4Al-3Mo-  IV  SHEET^1) 

In  summarizing,  the  Ti-4al-3Mo-lV  alloy 
may  be  formed  extensively  without  serious  de¬ 
gradation  of  properties,  provided  proper  forming 
techniques  are  used  on  material  in  selected  con¬ 
ditions.  A  summary  guide  to  condition  selection 
and  some  advantages  and  disadvantages  of  the  se 
conditions  is  given  below. 


FIGURE  1-7.  6.  2-7.  EFFECT  OF  EXPOSURE  TO 
TEMPERATURE  ABOVE  THE  AGING 
TEMPERATURES  ON  FINAL- AGED  TEN¬ 
SILE  PROPERTIES^) 


Solution  Treated  (ST) 

Best  cold  formability 

Hot  contouring  can  be  used  in  conjunction 
with  cold  forming  to  give  final  part  di¬ 
mensions 

Can  be  aged  directly  to  high  strength  con¬ 
dition 

Aged  (STA) 

High  strength  and  limited  ductility 
for  forming 

Applicable  where  limited  contouring., 
stretching,  or  bending  is  needed 

Requires  no  additional  aging  to  obtain 
a  high  strength  condition 

Annealed  (Ann) 

Where  hot  forming  above  1100  F  is 
required  to  obtain  parts  of  final 
dimension 

Elongation  and  bend  ductility  is  excellent 
above  1000  F 

Final  part  must  be  solution  treated  and 
aged  to  obtain  a  high  strength  condition. 
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1-7.6.  3  Heat-Treatment  Practice  and  Effect 
1-7.6.  3.0  General  Remarks 

The  Ti-4A1- 3Mo- 1 V  alloy  has  been  a  popular 
material  choice  where  combinations  of  excellent 
formability  and  high  strength  are  desirable.  High 
strength  is  associated  with  materia*  in  the  aged  con¬ 
dition,  which  of  course  must  be  imposed  upon  ma¬ 
terial  in  the  solution-heat-treated  condition.  Ex¬ 
cellent  formability  also  is  a  characteristic  of  this 
material  in  the  annealed  condition,  although  as 
annealed  the  material  is  not  a  nigh- strength  alloy. 

At  the  lower  strength  levels  characteristic  of  either 
annealed  material  or  material  in  the  solution  treated 
and  overaged  condition,  the  Ti-4A1- 3Mo- 1 V  alloy 
has  excellent  fracture  toughness.  Beta  processing 
oi  heat  treatment  followed  by  solution  treating  and 
overaging  imparts  additional  toughness  to  this  al¬ 
loy  grade  with  little  sacrifice  in  the  strength  level 
achievable. 

1-7.  6.  3.  1  Stress-Relief  Annealing 

Stress- relief  annealing  treatments  for  the 
Ti-4Al-3Mo- IV  alloy  are  intended  to  relieve  the 
residual  stresses  and  restore  yield  strength  with¬ 
out  otherwise  affecting  mechanical  properties. 
Stress- relieving  temperatures  in  the  900  to  1100  F 
range  are  compatible  with  aging  and  hot- sizing 
temperatures.  Exposure  time  of  about  1  hour  is 
sufficient  for  many  stress- relieving  operations  at 
the  higher  temperatures  (1000  to  1100  F).  Hot- 
sizing,  aging,  and  stress- relieving  operations  can 
be  combined.  Care  should  be  taken  at  the  highest 
stress- relieving  temperatures  to  minimize  oxida¬ 
tion,  although  oxidation  is  not  mich  of  a  problem 
below  1 100  F. 


stabilization  temperature  such  as  1150  F  (termin¬ 
ated  by  air  cooling).  Thirtv- minute  holding  time 
at  the  high  temperature  followed  by  an  8-hour 
exposure  at  the  stabilization  temperature  has  been 
found  to  yield  good  toughness  and  formability  char¬ 
acteristics  to  sheet  material.  Strength  is,  of 
course,  lower  than  in  solution-heat-treated  and 
aged  material,  but  toughness  is  much  higher,  as 
shown  later. 

1-7.  6.  3.  3  Strengthening  Heat  Treatments 

The  Ti-4A1- 3Mo- 1 V  alloy  may  be  heat 
treated  to  a  wide  range  of  uniaxial  tensile  strengths 
( — 1 50  to  200- ksi  US)  by  selecting  different  solution- 
heat-treatment  ar.d  aging  exposures.  Ductility  and 
toughness  values  generally  decrease  with  increas¬ 
ing  heat- treatment  choice,  based  on  the  combina¬ 
tions  of  strength  and  ductility  or  toughness  desired 
While  a  considerable  number  of  data  have  been 
accumulated  showing  the  effects  of  different  solu¬ 
tion  treating  and  aging  treatments  on  properties, 

it  should  be  noted  that  the  titanium  pr _ iucers  from 

nme  to  time  introduce  changes  >n  their  mill¬ 
processing  procedures.  These  changes  may  in¬ 
clude  such  procedures  as  beta  processing.  Such 
changes  can  eventually  lead  to  new  heat-treatment 
schedules  designed  to  be  more  compatible  with  the 
newer  mill  products. 


1-7. 6.  3.  3.1  Solution  Annealing 

The  Ti-4A1- 3Mo- 1 V  alloy  may  be  solution 
heat  treated  over  a  fai’-'y  wide  range  of  elevated 
temperatures  to  obtain  different  -atios  of  alpha  and 
beta  phases.  The  choice  of  solution  temperature 
dictates  both  the  propertier  in  the  quenched  ma¬ 
terial  and  also  the  final-aged  strengths  obtainable. 


1-7.  6.  3.  2  Annealing 

The  annealing  heat  treatment  for  the  Ti-4A1- 
3Mo-lV  alloy  consists  of  exposure  at  about  1225  F 
for  4  hours,  lollowed  by  furnace  cooling  to  1050  F, 
then  air  cooling  to  room  temperature.  The  anneal¬ 
ing  treatment  is  designed  to  yield  a  mixed  alpha- 
beta  structure  that  is  ductile  and  stable.  Sheet 
material  can  be  supplied  in  the  annealed  condition 
from  the  producers  when  hot- forming  uperitions 
above  about  1150  F  are  planned.  For  difficult- 
to-form  parts,  interstage  annealing  may  be  requir¬ 
ed.  Whenever  interstage  annealing  may  occur  in  the 
part-making  sequence  and  whenever  the  ultimate 
part  is  required  to  be  finished  in  the  high-strength 
condition,  solution  heat  treatment  is  required  bet¬ 
ween  interstage  annealing  and  a  final  aging  treat¬ 
ment. 

Duplex  annealing  also  has  been  developed  for 
the  Ti-4Al-3Mo- IV  alloy.  Duplex  annealing  con¬ 
sists  of  annealing  the  material  first  at  a  high  tem¬ 
perature  such  as  1725  F,  then  air  cooung  to  room 
temperature,  followed  by  reannei  'ing  at  a 


The  spread  between  yield  and  ultimate  ten¬ 
sile  strength  can  be  made  to  vary  markedly  by  the 
choice  of  solution  temperature,  as  shown  in  Figure 
1-7.  6.  3.  3.  1-1.  Maximum  spread  between  yield 
and  ultimate  strength  is  found  after  quenching  from 
between  about  1550  and  1650  F.  Material  in  the 
solution- heat-treated  condition  offers  maximum 
•£old  formability  because  of  the  low  yield  strcr.gtn 
and  maximum  ductility  obtained  from  this  temper¬ 
ature  range.  The  final-aged  strength  is  quite  high 
after  solution  heat  treating  in  this  temperature 
range,  as  indicated  by  the  data  shown  in  Figure 
1-7.  6.  3.  3.  1-2. 

The  solution- heat-treatment  range  formerly 
preferred  for  the  Ti-4A1-  3Mo-  1 V  alloy  was  1640 
to  1650  F.  More  recently,  a  higher  solution  tem¬ 
perature,  1715-1725  F,  in  preferred  for  use  with  a 
higher  aging  temperature,  which  is  described  in 
detail  in  the  following  aging- heat- treatment  section. 
Holding  times  at  solution  temperatures  should  be 
from  10  to  30  minutes.  Termination  of  the  solution 
treatment  by  water  quenching  is  pieferred  with 
quench  delay  times  limited  to  5  seconds  or  less  to 
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FIG-'E  1-7.6.  3.  3.  11.  TENSILE  PROPERTIES 
™  Ti-4A1- 3Mo-  1 V  ALLOY  SOLUTION 
'AT  TREATED  AT  VARIOUS  TEMPER- 
ATURES^1* 


FIGURE  1-7.  6.  3.  3.  1-2.  EFFECT  OF  SOLUTION 
TEMPERATURE  ON  TENSILE  PROPER¬ 
TIES  OF  Ti-4Al-3Mo-lV  ALLOY  AGED 
AT  925  F  AND  TESTED  AT  ROOM  TEM¬ 
PERATURE^) 


retain  maximum  final  aging  response.  The  feet 
of  quench  delay  time  from  the  solution  temperature 
on  final  aged  tensile  strength  is  shown  in  Figure 
1-7.  6.  3.  3.  1-3. 


FIGURE  1-7.  6.  3.  3!  1.-3.  EFFECT  ON  AGED 

PROPERTIES  OF  DELAY  IN  QUENCHING 
FROM  SOLUTION  TEMPERATURE 
(C  ONVENTIONAL  SOLUTION  AND  AGING 
HEAT  'REATMENTS)(l) 

1-7.6.  3.  3.2  Aging  Heat  Treatments 

Solution- heat- treated  Ti-4A1-  3Mo-  1 V  alloy 
begins  to  age  harden  at  temperatures  of  600  F  and 
above.  However,  the  conventional  aging-heat- 
treatment  temperature  is  925  F.  .Exposure  times 
at  this  temperature  between  6  and  12  hours  result 
in  a  very  high-strength  condition.  As  the  aging 
temperature  is  raised  above  925  F,  the  aging 
reaction.  6  -*■  0  +  is  •*  o+  0,  is  accelerated  so 
that  peak  strengths  are  obtained  in  shorter  times. 
This  effect  is  shown  in  Figure  1-7.  6.  3.  3.  2-1  for 
ultimate  strength.  Figure  1-7.  6.  3.  3.  2-2  shows 
the  effect  on  tensile  yield  strength  and  ductility. 
Also,  as  shown  in  Figure  1-7,  6.  3.  3.  2- 1 ,  tempera¬ 
tures  above  1000  F  result  in  overaging  in  fairly 
short  times.  This  may  be  undesirable  if  a  maxi¬ 
mum  strength  condition  is  desired.  On  th"  other 
hand,  averaging  heat  treatments  (8  hours  at  1050 
to  115(7  F)  are  now  becoming  popular  when  used  in 
conjunction  with  beta  processing  to  achieve  maxi¬ 
mum  fracture-toughness  characteriatics.at  the 
expense  of  a  maximum  strength  condition.^ 

As  mentioned  in  the  preceding  section  on 
solution  annealing,  the  overaging  heat  treatments 
are  usually  used  on  material  that  has  been  solution 
heat  treated  at  a  temperature  very  high  in  the 
alpha-plus-beta  region  (1715-1725  F).  Such  high- 
temperature  solution-annealing  and  averaging 
treatments  can  be  given  to  material  that  has  been 
previously  beta  heat  treated  or  processed.  •  The 
beta-processing  temperature  of  1875  F,  exposuie 
for  39  minutes  followed  by  air  cooling  to  room 
temperature ,  has  been  used  in  conjunction  with  a 
1725  F  solution  temperature  and  either  1050  F  or 
1150  F  overagMg  heat  treatments.  The  additional 
toughness  advantage  obtained  for  material  thus 
processed  is  shown  in  Figure  1-7,  6.  3.  3.  2->3.  The 
notched  toughnee*  of  material  aged  to  different 
strength  levels  using  conventional  solution  and 
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FIGURE  1-7.6.  3.  3.2-3.  STRENGTH- TOUGHNESS 
COMBINATION  FOR  SEVERAL  TITANIUM 
ALLOYS  A.FTER  CONVENTIONAL  PRO¬ 
CESSING  AND  HEAT  TREATMENT  AND 
SPECIAL  BETA  PROCESSING  AND  HEAT 
TREATMENT*^ 


FIGURE  1-7.  6.  3.  3.  2-1.  AGE  HARDENING  CHAR¬ 
ACTERISTICS  OF  Ti-4Al-3Mo-lV  SHEET. 
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FIGURE  i-7.  6.  3.  3.  2-4.  NGTCHED-STRENGTH 
RATIO  VERSUS  UNIAXIAL- AGED- 
STRENGTH  LEVEL  FOR  Ti-4A1- 3Mo- IV 
AFTER  CONVENTIONAL  HEAT  TREAT¬ 
MENT1^ 


FIGURE  1-7.  6.  3.  3.  2-2.  EFFECT  OF  AGING  TEM¬ 
PERATURE  (12-HOUR  CYCLE)  ON  THE 
PROPERTIES  OF  Ti-4Al-3Mo- IV  ALLOY 
SOLUTION  HEAT  TREATED  AT  1640  F 
AND  WATER  QUENCHED* 

1-7.  6.  4  Stability 

The  stability  of  the  Ti-4Al-3Mo-  IV  alley  in 
a  variety  of  environments  where  time,  temperature, 
stress,  . .d  mr<dln  chemistr,  are  variables,  haa 


been  recorded.  Some  environments  can  cause 
softening  and  weakening  (e.  g.  ,  excessive  elevated 
temperatures),  while  others  can  cause  a  loss  of 
toughness  and  ductility  (e.  g.  ,  media  promoting 
stress  corrosion).  In  general,  however,  the 
Ti-4Al-3Mo- IV  alloy  is  capable  of  maintaining 
strength  to  qu>te  high  service  temperature  and  is 
noted  for  its  resistance  to  stress  corrosion  in  en¬ 
vironments  that  promote  this  type  of  failure  in 
some  other  commercial  titanium  alloys. 

1-7.  6. 4.1  Thermal  Stability 

It  has  been  previously  mentioned  that  the 
Ti-4Al-3Mo- IV  alloy  will  begin  to  age  at  about 
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FIGURE  1-7.  6.  3.  3.  2-5.  TYPICAL  TENSILE  PRO¬ 
PERTIES  OF  Ti-4A1- 3Mo-  IV  ALLOY  AF¬ 
TER  CONVENTIONAL  fOLUTION- 
ANNEALING  PLUS  AGING  TREAT.- 

mentsH) 

600  F  in  the  solution- heat- treated  condition.  Thus, 
although  the  alloy  is  not  put  in  service  in  the 
solution-treated  condition,  the  stability  of 
solution- treated  material  would  be  apparent  up  to 
about  600  F  by  lack  of  property  changes.  Similar¬ 
ly,  solution- heat- treated  and  aged  material  does 
not  show  appreciable  changes  in  properties  in  ex¬ 
posures  at  temperatures  up  to  about  the  aging 
temperature  (925  F)  when  stress  levels  are  low. 
With  increasing  stress  and  time  of  exposure, 
small  changes  in  properties  begin  to  occur.  Table 
1-7.6.  4.  1-1  gives  data  indicating  the  extent  of 
such  changes  in  tencile  properties  for  material  in 
the  conventional  solution-heat-treated  plus  aged 
condition.  These  cnanges  in  properties  arc  with¬ 
in  the  acceptable  limits  of  stable  behavior. 


At  higher  temperatures  than  the  conventional 
aging  temperature,  the  strength  of  solution  heat 
treated  and  aged  material  deteriorates  rapidly. 

This  effect  is  shown  by  the  data  plotted  in  Figure 
1-7.  6.  4.  1-1. 

The  metallurgical  thermal  stability  of  the 
Ti-4Al-3Mo- IV  alloy  in  the  duplex  annealed  or  in 
the  beta- processed  plus  solution- treated  and  over¬ 
aged  conditions  (see  Sections  1-7.  6.  3.  2  and 
1-7.  6.  3.  3)  has  been  revealed  in  450  F  tests  (at 
25  ksi  sustained  load)  for  times  up  to  5000  hours 
and  in  550  F  testa  (also  at  25  ksi)  for  times  up  to 
2500  hours.  Only  minor  changes  in  the  ultimate 
tensile  strengths  and  fracture  toughness  (as  indi¬ 
cated  by  stress  intensity  factors)  occurred  in  these 
exposures  as  shown  by  the  summary  data  in  Figure 
1-7.6.  4.  1-2. 

1-7.  6.  4.  2  Chemical  Stability 

The  Ti-4A1- 3Mo- IV  alloy  is  not  markedly 
different  from  other  titanium  alloys  in  chemical 
activity.  That  is  .  the  alloy's  resistance  to  general 
corrosion  in  the  usual  chemical  environments  is 
good,  and  oxidation  resistance  up  to  about  1000  F 
is  normal.  The  alloy  is  susceptible  to  hot- salt 
stress-corrosion  attack  and  aqueous  stress- 
corrosion  under  severe  conditions.  However, 

The  Ti-4Al-3Mo- IV  alloy  is  noted  for  its  good 
resistance  to  stress-corrosion  of  both  the  above 
types  compared  with  some  of  the  other  titanium 
alloys. 

Several  different  testing  techniques  can  be 
used  to  show  the  susceptibility  of  titanium  alloys 
to  stress-corrosion  phenomena.  Time,  tempera¬ 
ture,  stress,  and  chemical  composition  of  the 
environment  are  important  variables  as  is  also  the 
state  of  stress  imposed  on  samples.  Sample 
geometry  and  any  defects  within  the  sample  have 
similarly  been  recognized  to  exert  significant  in¬ 
fluence  upon  the  performance  of  materials  in 
stress-corrosion  tests.  In  addition,  a  dynamic 
environment,  that  is  one  which  is  subject  to  cyclic 
temperature,  time  or  load  and  chertiistry  varia¬ 
tions  has  been  found  to  give  results  differing  from 


TABLE  1-7.  6.4.  1-1.  1000-HOUR  STRESSED  STABILITY  OF  Ti-4Al-3Mo- IV  SHEET  IN  THE 

SOLUTION-HEAT-TREATED  PLUS  AGED  CONDITION^1) 


1000-Hour  Exposure  Conditions 
Temp,  Stress, 

F _ pai' 


500 

600 

700 

800 

900 


100,000 

95,000 

70,000 

45,000 

20,000 


_ Room-Temperature  Properties  after  Exposure _ 

0.2%  Yield  Strength,  Ultimate  Tensile  Strength,  Elongation,  % 
_ gsi _ pai _ in  2  in. _ 


167,000 

190,000 

7 

170,000 

190,000 

7 

179,000 

191,000 

6 

169,000 

188,000 

6 

I<4,0u0 

188,000 

6 

155,000 

169,000 

8 

--None-- 
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FIGURE  1-7.4.  1-1.  TENSILE  STRENGTHS  OF 

CONVENTIONALLY  SOLUTION- TREATED 
AND  AGED  Ti-4A1- 3Mo- IV  SHEET  AFTER 
EXPOSURE  TO  THE  VARIOUS  TEMPERA¬ 
TURES  FOR  VARIOUS  TIMES<3> 

those  ootained  in  static  environments.  Although  not 
all  of  the  variables  have  been  examined  for  the 
Ti-4A1- 3Mo- IV  alloy,  the  results  available  do  in¬ 
dicate  a  high  resistance  of  the  Ti-4A1- 3Mo- IV  alloy 
in  the  environment1'  which  produce  stress-corrosion 
in  some  other  grades. 

The  apparent  resistance  of  the  Ti-4Al-3Mo- 
IV  alloy  to  hot-salt  stress-corrosion  was  shown 
previously  in  Figure  1-4.  6.  4.  2-2.  In  this  test, 
the  Ti-4Al-3Mo-  IV  alloy  in  the  1050  F  aged  con¬ 
dition  did  not  lose  any  bend  ductility  when  covered 
with  a  baked- on  salt  slurry  and  exposed  to  550  F 
under  100- ksi  stress  for  times  up  to  7000  hours. 
Based  on  the  results  of  cyclic  tests  conducted  for 
such  alloys  as  Ti-6A1-4V  and  Ti-8A1- IMo- IV ,  no 
ot  ess  corrosion  would  be  expected  in  Ti-4Al-3Mo- 
IV  alloy  in  550  F  cyclic  testing. 

The  susceptibility  of  titanium  alloys  to 
accelerated  crack  growth  in  certain  media  at  room 
temperature  was  initially  demonstrated  in  3.  5  per¬ 
cent  salt  solution.  This  media  was  found  to  be 
about  as  severe  as  any  in  promoting  crack-growth 
acceleration.  This  phenomenon  has  been  judged 
by  many  to  be  a  form  of  stress-corrosion. 
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FIGURE  1-7.  6.  4.  1-2.  EFFECT  OF  TIME,  TEM¬ 
PERATURE,  AND  STRESS  ON  PROPER¬ 
TIES  OF  Ti-4Al-3Mo-iy(2> 


Environmental  crack-growth  resistance  is  estab¬ 
lished  by  sustained  loading  of  fracture- toughness 
samples  in  aqueous  media  to  stress-intensity 
levels  that  are  specific  percentages  of  the  critical 
stress-intensity  level  of  samples  tested  in  air. 

The  time  required  for  specimen  failure  is  plotted 
as  a  function  of  the  applied  stress- intensity  level, 
as  illustrated  in  Figure  1-4.  6.  2.  2-4.  The  result¬ 
ing  curve  represents  the  time  required  to  propa¬ 
gate  subcritical  cracks  to  the  critical  size.  For 
titanium  alloys,  subcritical  crack  growth  does  not 
occur  below  a  particular  stress-intensity  level. 
Since  this  level  is  reached  before  360  minutes  ol 
loading  time  in  the  above  illustration,  the  environ¬ 
mental  crack-growth  resistance  parameters,  Kj 
(360  minutes)  Kjj  (360  minutes),  are  considered 
threshold  levels. 


The  threshold  stress  level  at  which  a  fatigue 
crack  of  given  length  in  Ti-4Al-3Mo- IV  alloy 
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becomes  unstable  in  a  3.  5  percent  NaCl  solution 
is  compared  with  other  titanium  alloys  in  Figure 
1-4.  6.  4.  2-5.  Figure  1-4.  6.  2.  2-6  shows  tensile 
strength-threshold  strers-intensity-level  compari¬ 
sons  for  the  same  group  of  alloys  in  various  heat- 
treated  condition.  The  superior  resistance  to  salt- 
solution-type  stress  corrosion  of  beta-processed 
Ti-4Al-3Mo- IV  alloy  is  evident. 
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1-8  Titanium  Alloy  Ti-679 
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1-8.0  GENERAL  REMARKS 

The  Ti-2.25Al-USn-5Zr-lMo-0.  2Si  alloy  is 
best  known  by  its  common  numerical  name,  679, 
that  is  the  alloy  development  number  originally 
assigned  to  this  composition  by  its  British  de¬ 
velopers,  and  will  henceforth  be  referred  to  by 
this  name  in  this  section.  The  679  alloy  is  quite 
unique  among  the  commercial  titanium  grades  due 
to  the  low  aluminum  and  high  tin  contents  and  be¬ 
cause  of  the  intentional  silicon  addition.  The  679 
alloy  is  licensed  for  manufacture  in  the  U.  S.  A.  , 
as  well  as  being  available  on  an  import  basis  from 
Britain.  It  is  essentially  an  engine  alloy  and  is 
available  in  bar  and  billet  form  for  such  purposes. 

1-8.  1  COMMERCIAL  DESIGNATIONS 

Forms 

Designations  Producer _  Available^3) 

IMI  679  Imperial  Metals  B,  b 

Industries , 

Ltd.  (Br.  ) 

Ti-679  Titanium  Metals  B,  b 

Corp. 

(a)  B  =  billet,  b  =  bar. 

1-8.2  ALTERNATE  DESIGNA  TIONS  (COMMON 
NAMES) 

679 

1-8.3  ALLOY  TYPE 

Near  alpha,  alpha-beta 

1-8.4  COMPOSITION,  RANGE  OR  MAXIMUMS,  % 

Major  Elements 

A1  2.  0-2.  5 

Sn  10.5-11.5 

Zr  4.  0-6.  0 

Mo  0.8-1.  2 

Si  0.  15-0.  27 

Fe  0.  120  max 

Interstitial  Elements 

C  0.  04  max 

N  0.  04  max 

O 

H  0.  0G8  max 

1-8.5  SPECIFICATIONS 
None 


1-8.6  DESCRIPTION  AND  METALLURGY 
1-8.  6.  1  Composition  and  Structure 

The  679  alloy  is  unique  in  comparison  with 
United  States  developed  titanium  alloys  inasmuch 
as  it  contains  a  very  high  tin  content  (11  percent) 
and  a  silicon  addition,  the  latter  resulting  in  com¬ 
pound  formation.  The  aluminum,  tin,  and  zir- 
conium  contents  arc  collectively  alpha-phase 
stabilising,  while  the  molybdenum  addition  is 
beta-phase  stabilising  and  the  silicon  is  compound 
forming  The  net  effect  of  these  additions  is  a 
weakly  beta- stabilized  alpha-beta  alloy  with  inter- 
metallic  compound  fortification.  Because  of  the 
predominance  of  the  alpha  phase  in  the  structures 
and  the  lean  beta- stabilizer  content,  the  alloy  also 
has  been  loosely  classified  in  the  family  of  super¬ 
alpha  alloys.  For  the  same  reason^  8  also 

been  termed  a  near-alpha,  ripha-beu.  —  >oy.  The 
small  silicon  addition  should  not  be  lightly  re¬ 
garded  in  referring  to  the  alloy  with  either  the 
near-alpha  or  super-alpha  terminology  since  the 
presence  of  intermetallic  compound  in  the  struc¬ 
ture  is  a  potent  ingred,.  it  in  promoting  good  creep 
properties.  Thus,  while  the  above  common  classi¬ 
fications  are  appropriate,  the  fact  that  the  alloy 
structure  is  fortified  with  compound  should  be 
appreciated  in  the  selection  of  this  grade  for 
possible  applications. 

The  679  alloy  displays  the  isothermal  trans¬ 
formation  chatacteristics  of  two-phase  alpha- 
beta  alloys.  A  time-temperature-transformation 
curve  for  Ti-679  has  been  determined  and  is 
shown  in  Figure  1-8.  6.  1-1.  The  main  features 
of  the  diagram  are  the  beta-transus  temperature 
range  (1730  ±15  F)  and  the  short-time  transforma¬ 
tion  of  beta  to  alpha  at  1400  F.  Since  some  beta 
phase  is  present  and  stable  even  at  room  tempera¬ 
ture,  a  true  alpha  transus  does  not  exist.  How¬ 
ever,  above  a  certain  temperature  the  beta  is  in¬ 
sufficiently  rich  in  beta  stabilizer  so  that,  upon 
quenching,  it  transforms  to  alpha  prime  at  the  Ms 
temperature.  Below  that  temperature,  the  beta 
is  retained  on  quenching.  This  is  the  tempera¬ 
ture  indicated  as  the  alpha-prime  transus.  The 
beta  that  is  retained  on  quenching  is  quite  ductile 
and  soft. 

The  microstructures  resulting  from  quench¬ 
ing  above  the  beta-transus  temperature  to  room 
temperature  are  martensitic.  Alpha  plus  beta 
(plus  compound)  microstructures  wherein  the  beta 
is  transformed  (martensite)  result  from  exposure 
at  1700  F  and  quenching.  Quenching  to  1100  and 
i7Q0  F  exposure  and  holding  for  about  5  minutes 
isothe  rmally  results  in  a  completely  martensitic 
structure  on  subsequent  quenching  to  room  tem¬ 
perature.  Equilibrium  alpha-plus  compound 
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FIGURE  1-8.  6.  1-1.  TIME-TEMPERATURE- 

TRANSFORMATtON  CHARACTERISTICS 
OF  Ti-679  ALLOY*1) 


structures,  wherein  the  alpha  is  a  mixture  of 
large,  isothermally  transformed  platelets  and  fine 
martensitic  alpha,  are  formed  by  holding  at  tem¬ 
peratures  within  the  alpha-plus  compound  region. 

Ac  intermetallic  compound,  believed  to  be 
the  silicide  TigSij,  is  present  in  all  room- 
temperature  microstructures,  regardless  of  cool¬ 
ing  rates  or  beta  treatments.  The  silicon  particles 
are  considerably  mobile  at  temperatures  in  the 
beta  field  and  high  in  the  alpha-plus-beta  field.  By 
slow  cooling  from  the  all-beta  phase  through  the 
alpha-plus-beta  temperature  region,  the  silicides 
will  agglomerate,  or  migrate,  to  the  prior  beta- 
grain  boundaries.  Slow  cooling  from  high  in  the 
alpha- plus- beta  field  does  not  result  in  this  agglom¬ 
eration  of  silicides  at  prior  beta-grain  boundaries. 
This  appears  to  indicate  at  least  a  partial  dis¬ 
solution  of  the  silicide  in  the  all-beta-phase  field. 

Ti-679,  when  rapidly  quenched  from  the 
beta  field,  transforms  to  martensite  between  1100 
and  1200  F.  The  silicides  act  as  nucleation  sites 
for  the  transformation.  Several  alpha  platelets 
originate  at  each  one  of  these  silicide  sites.  Sili¬ 
con  is  in  this  respect  a  grain  refiner,  and  macro¬ 
structures  of  Ti-679  iarca  bar  and  billet  are  thus 
extremely  fine  grained.  0) 

1-8.  6.  2  Deformation  Practice  and  Effects 


To  obtain  optimum  properties  with  the  679 
alloy,  the  material  is  usually  forged  at  a  1650  F 
finishing  temperature.  Initial  rough  forging  may 
be  done  as  high  as  1825  F,  but  the  maximum  tem¬ 
perature  for  finishing  is  1690  F.  Large  amounts 
of  forging  work,  that  is  reductions  of  about  8  to  1 
in  upsetting,  for  example,  result  in  structures  hav¬ 
ing  the  best  combinations  of  properties,. 


1-8.  6.  3  Heat- Treatment  Practice  and  Effects 

1-8.  6.  3.0  General  Remarks 

The  679  composition  is  amenable  to  a  variety 
of  heat  treatments  to  result  in  a  range  of  mechani¬ 
cal  properties.  High  strengths  in  combination 
with  lower  ductility  than  obtained  with  the  lower 
strength  conditions  are  possible  but  are  not  so 
often  used  aa  the  medium- strength  condition.  As 
with  other  alpha-beta  alloys,  maximum  strength 
is  developed  in  the  solution-heat-treated  and  aged 
condition.  Aging  response  is  dependent  upon 
cooling  rate  from  the  solution  temperature  as  well 
as  on  the  solution  temperature  per  se.  Annealing 
of  the  679  alloy  is  similar  to  solution  treating  and 
aging,  inasmuch  as  a  two- stage  treatment  is  pre¬ 
ferred:  a  high- temperature  solutionizing  treat¬ 
ment  followed  by  a  lower  temperature  stabilizing 
anneal.  Good  combinations  of  properties  are 
available  from  both  conditions. 

1-8.  6.  3.1  Stress-Relief  Annealing 

Stress-relief  annealing  of  679  material  may 
be  accomplished  by  exposure  to  the  aging  or 
stabilization  annealing  (synonomous)  temperature, 
that  is  930  F,  for  a  10-hour  period.  Such  an  ex¬ 
posure  would  restore  heat-treated  properties  to 
the  material  after  a  stress-inducing  operation 
such  as  a  machining  operation.  In  some  applica¬ 
tions,  the  stress-relief  annealing  operation  may 
be  incorporated  into  the  final  heat  treatment  by 
machining,  etc.  ,  prior  to  the  final  10  hours  of 
exposure  at  930  F. 

1-8.  6,  3.  2  Annealing 

The  preferred  annealing  treatment  of  679 
alloy  is  a  duplex  treatment  consisting  of  a  high- 
temperature  exposure  followed  by  a  low- 
temperature  stabilization  exposure.  Exposure 
for  1  hour  at  1650  F  followed  by  air  cooling  re¬ 
sults  in  an  equiaxed  alpha-plus-transformed-beta 
structure  having  dispersed  silicide  particles 
throughout.  During  the  air  cooling,  alpha  pre¬ 
cipitates  from  regions  that  were  beta  at  the 
annealing  temperature.  The  beta  regions  then 
become  sufficiently  rich  in  beta-stabilizer  con¬ 
tent  to  be  retained  upon  further  cooling  to  room 
temperature.  The  second  part  of  the  duplex- 
annealing  cycle  is  used  to  convert  the  metastable 
alpha-beta  mixture  to  a  more  stable  alpha-plus- 
beta  structure.  A  24-hour  exposure  at  930  F  is 
used  to  accomplish  this.  Additional  alpha  is  re¬ 
jected  from  the  meiastabie  beta  to  form  a  stable 
alpha-plus-beta-plus  compound  structure. 

1-8.  6.  3.  3  Strengthening  foiat  Treatments 

While  the  beta  stabilizer  content  of  the  679 
alloy  is  lean,  the  combined  effect  of  the  moiyb- 
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denum,  silicon,  tin,  and  zirconium  content  is  to 
permit  appreciable  heat-treatment  response.  As 
mentioned  previously,  cooling  rate  is  very  impor¬ 
tant.  This  is  accounted  for  by  the  rapidity  of  the 
beta-to-alpha  transformation  in  the  intermediate 
temperature  range  (see  Figure  1-8.  6.  4-1).  If  the 
cooling  rate  through  this  intermediate  temperature 
range  is  quite  rapid,  appreciable  strengthening  is 
possible  during  subsequent  aging. 

1-8.  6.  3.  3.1  Hardenability 

The  679  alloy  is  not  especially  noted  for  its 
deep  hardenability.  However,  appreciable  section 
thicknesses  can  be  raised  to  quite  high  strengths, 
as  indicated  by  the  data  given  in  Table  1-8.  6.  3.  3.  1-1. 

1-8.  6.  3.  3.  3  Aging  Heat  Treatments 

The  679  alloy  may  be  solution  heat  treated 
from  a  range  of  temperatures  between  about  1550 
and  1675  F.  As  the  1700  F  solution  temperature 
is  approached,  ductility  values  are  lowered,  prob¬ 
ably  because  of  the  increased  acicularity  of  the 
structure  and  the  unfavorable  alpha-beta  ratio. 

The  effect  is  illustrated  in  Fi  jure  1-8.  6.  3.  3.  2-1 
for  air-cooled  samples  and  in  Table  1-8.  6.  3.  3.  2-1 
for  water-quenched  material.  The  effect  of  cool¬ 
ing  rate  from  the  solution  temperature  is  to  con¬ 
trol  the  amount  of  aging  response  possible  with  the 
material.  Fast  cooling  as  in  water  queuching,  of 
course,  permits  the  largest  response,  as  shown 
by  the  data  given  in  Table  1-8.  6.  3.  3.  2-2.  The 
reasons  for  the  variable  response  are  clearly  seen 
by  superimposing  cooling  rate  curves  over  the 
TTT  diagram  presented  in  Figure  1-8.  6.  3.  3.  2-2. 
Considering  these  points,  a  preferred  solution 
temperature  of  1650  F  has  been  recommended  (a 
1-hour  exposure  for  the  larger  sections  is  pre¬ 
ferred).  The  930  F  aging  response  (24-hour  ex¬ 
posure)  after  solution  heat  treatment  and  air 
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FIGURE  1-8.  6.  3.  3.  2-1.  TENSILE  PROPERTIES 
OF  SOLUTION- TP.EATED  1/2- INCH- 
SQUARE  BARU) 


(Bar  originally  forged  1-1 /8-inch  sqiare) 


TABLE  1-8.  6.  3.  3.  1-1.  TENSILE  PROPERTIES  OF  Ti-679  ROLLED  BAR  AS  AGED 
AT  930  F  AFTER  AIR  COOLING  OR  OIL  QUENCHING  FROM  1650  F^3) 


Diameter  of 

Heat-Treated  _ Air  Cooled _  Oil  Quenched 


Section, 

in* 

UTS, 

ksi 

YS, 

ksi 

Elong.  , 

% 

RA, 

% 

UTS, 

ksi 

YS, 

ksi 

Elong.  , 

% 

RA, 

% 

3(b) 

151.0 

21 

42 

170.  0 

142,0 

18 

40 

3*c) 

150.  5 

127.5 

18 

34 

169.0 

139.0 

16 

34 

2<c> 

158.5 

131.5 

16 

31 

174.0 

145.0 

14 

32 

l-l/2(c> 

160.  0 

135.  5 

17 

29 

179.  5 

147.  0 

18 

33 

1(0 

160.  0 

134.0 

17 

31 

182.  0 

150.0 

14 

31 

1/2<C) 

166.0 

147.0 

17 

30 

194.  0 

163.  C 

12 

29 

(a)  All  material  from  rolled  bar  originally  3  1/2  inches  in  diameter. 

(b)  Longitudinal  specimen  cut  from  edge  of  heat-treated  cylinder. 

(c)  Longitudinal  specimens  cut  from  center  of  heat-treated  cylinders. 
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TABLE  1-fi.  6.  3.  3.  2-1.  EFFECT  OF  SOLUTION 
TEMPERATURES  ON  DUCTILITY*3)*!) 


Solution 
Temp.  , 

F 

UTS, 

ksi 

YS, 

ksi 

Elong.  , 
% 

RA, 

% 

1700 

194,  6 

169.0 

6.  0 

23.7 

1675 

186.9 

168.  3 

— 

-- 

1625 

176.  8 

151.  5 

12.  0 

43.  0 

1600 

176.  2 

152.0 

12.0 

41.  0 

1575 

154.  8 

118.  1 

19,  0 

41.  8 

1550 

155.  8 

104.7 

18.  0 

39.  1 

(a)  All  samples  water  quenched  from  temperature 


and  not  aged. 


cooling  from  the  various  temperatures  is  shown 
in  Figure  1-  8.  6.  3.  3.  2-3.  Termination  of  the 
solution  treatment  by  water  quenching  is  recom¬ 
mended  if  high  tensile  strength  is  the  required 
criterion.  If  improved  tensile  ductility  and  im¬ 
proved  elevated-temperature  creep  strength  are  the 
requirements,  air  cooling  from  the  solution  tem¬ 
perature  is  desirable. 


TABLE  1-8.  6.  3.  3.  2-2.  AGING  RESPONSE  OF 
Ti-679  COOLED  FROM  1650  F  SOLU¬ 
TION  TEMPERATURE  AT  VARIOUS 
RATES*1* 


Cooling 

Method 

UTS, 

ksi 

YS, 

ksi 

Elong.  , 

% 

RA, 

% 

As  Forged 

151.  2 

136.5 

14.  0 

49.  9 

Furnace  Cooled  + 

143.7 

132.  1 

11.  0 

23.  1 

Aged*3) 

Furance  Cooled 

143.  8 

133.  0 

11.0 

25.  8 

Air  Cooled  + 

167.  3 

149.6 

17.  5 

44.4 

Aged*3) 

Air  Cooled 

159.8 

142.  8 

16.  0 

47.4 

Water  Quenched  + 

199.6 

180.  0 

10.  0 

32.5 

Aged*3) 

Water  Quenched 

176.  8 

151.  5 

12.  0 

43.0 

(a)  Samples  aged  for  24  hours  at  930  F. 


All  Beto 


FIGURE  1-3.  6. 3. 3. 2-2,  COOLING  CURVES  CORRESPONDING  TO  COOLING 
RATES  OF  Ti-679  FROM  1650  F  SOLUTION  TEMPERATURE*!) 
{ALL  SAMPLES  AGED  930  F  —  24  SOURS) 


KSI  Percent 
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TABLE  1-8.  6. 3. 3.  3-1.  TENSILE  PROP!  TIES  OF  WATER- 
QUENCHED  Ti-679  FORGING  AFTER  VARIOUS  AGING 

cycles!  *) 


120 
1575 


Location^*) 

Agio* 

Temp, 

F 

Aging 

Time, 

hr 

UTS, 

kftl 

ITS, 

kftl 

Elong.  , 

% 

RA, 

% 

1 

930 

1 

176.8 

154.4 

12.0 

41.0 

3 

930 

i 

180.5 

165.  1 

12  0 

45.3 

5 

930 

1 

162.9 

139.8 

14.0 

48.0 

l 

930 

12 

179.6 

158.0 

12.0 

40.  0 

3 

930 

12 

191.9 

169.4 

11.  o 

41.4 

5 

930 

12 

167.0 

145.2 

18.0 

47.  0 

1 

930 

24 

178.8 

158.0 

11.0 

40.0 

3 

930 

24 

192.  9 

170.9 

10.0 

35.3 

5 

930 

24 

173.9 

151.7 

10.  0 

42.0 

1 

1050 

24 

178.0 

161.0 

10.0 

33.5 

3 

1050 

24 

179.2 

156.0 

16.0 

42.  1 

5 

1050 

24 

175.  1 

154.6 

12.0 

32.2 

(ft)  See  figure  below. 


16C0  1625  1630  1675  1700 

Solution  Temperature,  F 

Heat  Treatment 


O  1/2  AC  +  930  F  —  24  AC 

O  1  AC  +  930  F  —  24  AC 

A  2  AC  +  930 

FIGURE  1-8.  6.  3.  3.  2-3.  TENSILE  PROPERTIES 
OF  SOLUTION- TREATED  AND  AGED 
4 /2-INCH-SQUARE  BARd) 

Bar  originally  forged  1-1/8  inch  square. 

1-8.  6.  3.  3.  3  Aging  Heat  Treatments 

The  recommended  aging  heat  ’-eatment  for 
the  679  alloy  is  24  hoars  at  930  F  and  air  --col. 

The  aging  temperature  is  not  critical  within  the 
range  910  to  950  F.  The  effect  of  aging  for 
shorter  times  at  930  F  is  to  give  slightly  lower 
strength  as  shown  in  Table  1-8.  6.  3.  3.  3-1  and 
also  a  1  i88  stable  structure.  Table  .1-8.  6.  3.  3.  3- 1 
alao  sho ws  the  effects  of  a  higher  aging  tempera¬ 
ture  (ICiO  F)  on  tensile  properties.  Figure 
1-8.  6.  3.  3.  3-1  shows  the  short-time  ‘ensile 
properties  of  Ti-679  alloy  from  room  tempera¬ 
ture  to  1000  F  while  Figure  1-8.  6.  3.  3.  3-2  shows 
typical  creep  strength  characteristics  of  forged 
and  heat  treated  compressor  wheel  material. 


1-8.  6.  4 


The  thermal  and  chemical  stability  for  the 
679  alloy  have  been  found  to  be  quite  good  for  this 
high-strength  composition.  Stability  is  the  meas¬ 
ure  of  property  changes  experienced  upon  exposiu  e 
to  environments  other  than  ambient  environments 
where  time,  temperature,  stress,  and  exposure 
media  are  important  variables. 


£  80 
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Tempsroture ,  F 

FIGURE  1-B.  6.  3.  3.  3-  1.  SHORT-  TIME  TENSILE 
PROPERTIES  OF  Ti-679  FORGED  COM¬ 
PRESSOR  WHEELS  ABSOLUTION  HEAT 
TREATED  I  HOUR  AT  1650  F,  AC,  THEN 
AGED  24  HOURS  AT  930  F,  Ad1’2* 


Elongation  and  Reduction  in  Area,  percent 
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TOO  tso  800  830  900  990  200 

Temperature,  F 


P  *  T{20+  tog  t)  x  iO 


FIGURE  1-8.  6.  3- 3.  3-2.  LARSEN- MILLER 

PARAMETER  VERSUS  STRESS  CURVES 
FOR  CREEP  IN  Ti-679  COMPRESSOR 
WHEEL  FORGINGS  AS-SOLUTION  HEAT 
TREATED  1  HOUR  AT  1650  F,  AC, 
THEN  AGED  24  HOURS  AT  930  F,  AC*1* 


1-8.  6.  4.  1  Thermal  Stability 


characteristic.  The  threshold  temperature  and 
stress  for  inception  of  salt- stress  ebrrosion  has 
been  determined  for  Ti-679.  The  technique  was 
to  use  a  variabl  .‘-width  sheet  specimen  that 
allowed  accurate  measurement  of  the  critical 
stress  level  with  a  minimum  number  of  samples. 
The  critical  stress  level  is  defined  as  the  minimum 
stress  required  to  initiate  stress  corrosion  at  a 
given  temperature  and  elapsed  .«me  (2500  cciurs). 

A  dye  penetrant  was  used  in  connection  wtti  micro¬ 
scopic  examination  to  determine  cracking. 

Figure  1-8.  6.  4.  2-1  shows  ne  results  of  this  ex¬ 
amination.  Two  other  c-.nme/cial  alloys  a^e  in¬ 
cluded  for  comparison.  As  can  be  seen,  Ti-6'*9 
has  superior  salt-strcsa-corro«ion  resistan  e. 


The  typical  test  for  the  thermal  stability  ot  FIGURE  1-8.  6.4.  2-1.  HOT-SALT  STRESS- 

679  not  only  includes  a  long-time  exposure  at  an  CORROSION  CRACKING  OF  TITANIUM 

elevated,  temperature,  but  also  an  imposed  stress  'ALLOYS^) 

under  such  conditions  as  would  be  found  in  service. 

The  stability  of  679  alloy  heat  treated  in  the  form  1-8.  7  SELECTED  REFERENCES 

of  jet-engine  compressor  wheels  has  been  found  to 

be  good  at  least  up  to  temperatures  of  900  F  as  (1)  "Metallurgical  and  Mechanical  Properties  of 

shown  by  the  data  given  in  Table  1-8.  6.  4.  1-1.  Titanium  Alloy  Ti-679",  Titanium  Metals 

Instability  for  this  alloy  has  been  found  at  950  and  Corporation  of  America  Data  Sheet. 

1009  F  exposures  in  100  hours  or  less.  Since  the 

greatest  "variation  in  stability  appeared  at  950  F,  (2)  "Ti-6?9,  High  Temperature  Titanium  Alloy 

this  appears  to  be  the  threshold  temperature  for  for  Short-Time  Strength,  Creep  and  Stability", 

instability.  Results  of  tests  at  900  F  exposure  Titanium  Metals  Corporation  of  America  Data 

temperature  indicated  no  instability  for  times  up  Sheet, 

to  1000  hours. 

(3)  "Recent  Developments  in  Titanium  Alloys  for 

1-8.  6.  4.  2  Chemical  Stability  Long  Time  Elevated- Temperature  Applica- 

~~  tiono",  Titanium  Metals  Corporation  or  America 

The  679  a*.oy  has  the  usual  resistance  to  Data  Sheet  (August,  1964). 

corrosion  in  a  variety  of  chemical  media  as  ob¬ 
served  for  the  other  commercial  titanium  grades.  (4)  "IMI-679",  Imperial  Metals  Industries  (Kynock), 

The  high  tin  content  of  the  Ti-679  alloy  promotes  Limited.,  Data  Sheet, 

the  free-scaling  characteristic  of  this  alloy  at 

elevated  temperatures  in  oxidizing  environments.  (5)  "How  to  Use  Titanium  --  Properties  and 

While  the  free-scaling  characteristic  is  desirable,  Fabrication  of  Titanium  Mill  Products", 

this  trait  is  accompanied  by  the  resistance  to  Titanium  Metals  Corporation  of  America 

deep  penetration  of  contamination  during  elevated-  Brochure, 

temperature  exposure  for  the  same  reason.  That 

is,  the  high  tin  content  imparts  a  resistance  to  (6)  Erdeman,  V.  J.  ,  "A  Titanium  Alloy  for  Use  at 

contamination  of  the  surface  layers  at  the  same  Elevated  Temperatures",  Metal  Progresj 

time  as  it  gives  the  679  alloy  the  -free- scaling  (February,  1966). 
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TABLE  1-8.  6.4,  1-1.  STABILITY  OF  Ti-679  ALLOY  COMPRESSOR-BLADE  MATERIAL  AFTER 
SELECTED  CREEP  EXPOSURES(a) 


o 


Creep  Exposure 
Temp,  Stress,  TimeV 


Plastic 
Deforma" 
tion, 


Post- Creep  Tensile  Properties 


YS 


RA, 


Location 

Direction 

F 

ksi 

hr 

% 

ksi 

ksi 

%" 

% 

Typical  Unexposed  Properties 

138.  0 

155.  0 

13.  0 

30.  0 

Web 

Radial 

800 

75 

150 

0.  15 

141.  2 

155.  5 

16.  r 

36.7 

Web 

Radial 

800 

75 

15-'= 

16 

136.  7 

149.9 

12.  0 

25.  5 

P.im 

Tang. 

850 

65 

150 

0.  17 

140.6 

154.  2 

14,  e 

3'.  7 

Rim 

Tang. 

850 

65 

150 

0.  15 

141.  0 

152.9 

13.  0 

29.  5 

Rim 

Tang. 

850 

65 

150 

0.  13 

142.  5 

156.4 

12.  0 

29.5 

Rim 

Tang. 

850 

65 

150 

0.  14 

151.  0 

166.  1 

14.  0 

36.  2 

Rim 

Tang. 

850 

65 

150 

0.  15 

144.0 

152.9 

12.  0 

29.5 

Rim 

Tang. 

850 

65 

1000 

0.  31 

138  1 

149.9 

15.  0 

30.  8 

Rim 

Tang. 

850 

65 

1000 

0.  21 

141.  7 

158,  0 

13.  0 

28.  7 

Rim 

Tang. 

900 

50 

150 

0.  13 

"141.4 

157,6 

14.  0 

25.  4 

Rim 

Tang. 

900 

50 

150 

0.  19 

141.  2 

151.0 

10.  0 

18.  3 

Coupling 

Axial 

900 

55 

150 

0.  26 

137.  2 

150.  3 

14.  0 

31.  6 

Coupling 

Axial 

900 

55 

150 

0.  21 

134.7 

149.0 

14.  0 

36.  2 

V/eb 

Radial 

950 

45 

150 

0.  24 

143.  C 

157.  7 

7.  0 

7.9 

vreb 

Radial 

950 

45 

150 

0.  33 

136.  4 

150.  7 

7.  0 

6.  3 

V»'eb 

Radial 

900 

55 

150 

0.  15 

147.  1 

16'.  3 

12.  0 

27.  5 

Web 

Radial 

900 

55 

150 

0.  19 

138.4 

153.  5 

10  0 

23.4 

Rim 

Tang. 

900 

55 

150 

0.  20 

141.  0 

154.  2 

12.  0 

25.4 

Rim 

Ting. 

900 

55 

150 

0.  16 

140, .0 

154.  2 

13.  0 

27.  5 

Rim 

Tang. 

900 

55 

150 

0.  16 

14l  0 

157.  2 

12.  0 

22.  6 

Rim 

Tang. 

900 

55 

1000 

0.  36 

142.  1 

156.8 

-15.  0 

28.  9 

Coupling 

Axial 

950 

45 

150 

0.  68 

133.3 

149.4 

12.  0 

17.  7 

Coupling 

Axial 

950 

45 

150 

0.  37 

137.  6 

151.  5 

9.  0 

13.9 

»4ry* 

Tang. 

950 

45 

150 

C.  26 

142.  7 

154.4 

10.  0 

19.  S 

Rim 

Tang. 

950 

45 

150 

0.  16 

140.  5 

155.0 

14.  0 

28.  8 

Rim 

Tang. 

950 

45 

u-o 

0.  24 

140.  0 

156.4 

14.  0 

32.  3 

Rim 

Tang. 

950 

45 

1000 

1.  67 

135.5 

149.  2 

6.  0 

8.  7 

Rim 

Tang. 

1000 

35 

150 

0.  38 

135.4 

147.  4 

7.0 

13.  2 

Rim 

Tang. 

1000 

35 

150 

0.  34 

139.  6 

151.9 

5.  0 

9.4 

(a)  Heat  treatment:  1650 

F  (1  hour 

)  AC  +  930  F  (2*  hours)  AC. 

’ 
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1-9.  0  GENERAL  REMARKS 


1-9.  6  DESCRIPTION  AND  METALLURGY 


The  Ti-6Al-2Sn-4Zr-2Mo  alloy  was  de¬ 
veloped  as  another  of  the  so-called  "super"  alpha 
alloys  for  engine  use,  principally  as  forgings. 
However,  in  addition  to  its  proposed  use  in  bar 
and  forgings,  flat- rolled  and  extruded  products 
also  have  been  proposed.  These  products  are 
characterized  by  their  high  strength  and  stability 
at  temperatures  up  to  1050  F.  At  this  time,  only 
one  grade  is  produced  that  is  essentially  a  high- 
purity  grade  and  the  material  is  carefully  proc¬ 
essed  to  guarantee  a  premium  product. 

1-9.  1  COMMERCIAL  DESIGNATIONS 


Designation 


Producer 


Forms 

Available^ 


Ti-6Al-2Sn- 
4Zr-  2Mo 
RMI-6A1-  2Sn- 
4Zr-2Mo 


Titanium  Metals 
Corporation 
Reactive  Metals, 
Inc. 


B,b,S,£ 

B,b 


(a)  B  =  billet,  b  =  bar,  S  =  sheet,  E  =  extrusion*. 

1-9.2  ALTERNATE  DESIGNATIONS  (common 
names) 


6-2-4- 2. 

1-9.  3  ALLOY  TYPE 


Near  alpha,  alpha-beta, 

1-9.4  COMPOSITION,  RANGE  OR  MAXlMlIMS,  % 

Major  Elements 

A1  5.  5-6.  5 

Sn 

Zr  3.  6-4.  4 

Mo  1.8-2.  2 

Fe  0.  25  max 

Interstitial  Elements 


1-9.  6.  1  Composition  and  Structure 

The  6  percent  aluminum  addition  in  the 
Ti-6Al-2Sn-4Zr-2Mo  composition  is  a  potent 
alpha-phase  stabilizer,  while  the  2  peicent  moh-  j- 
deuum  addition  represents  only  a  moderate 
quantity  of  this  potent  beta-phase  stabiliser,  fhe 
tin  and  zirconium  additions  are  solid- solution 
strengthening  elements  that  are  neutral  with  re¬ 
spect  to  phase  stabilization.  The  net  effect  of 
thi.i  combination  of  alloying  elements  is  the  gen¬ 
eration  of  a  weakly  beta- stabilized,  alpha-beta 
alloy.  Since  it  is  weakly  beta  stabilized,  the 
alloy  is  also  properly  described  as  a  near-alpha, 
alpha-beta  alloy.  This  term  is  frequently  re¬ 
ferred  to  in  abbreviated  form  as  simply  "near 
alpha"  and  the  Ti-6Al-2Sn-4Zr-2Mo  alloy  is 
popularly  classified  with  the  "super"  alpha  compo¬ 
sitions. 

The  Ti-6Al-2Sn-4Zr~2Mo  alloy  evolved  from 
from  research  conducted  to  improve  upon  the 
properties  inherent  in  high- aluminum- content 
titanium  compositions,  principally  high  strength 
at  elevated  temperatures.  However,  the  require¬ 
ment  for  high  strength  at  both  room  temperature 
and  1000  F  existed  as  did  the  need  for  a  compo¬ 
sition  having  greater  thermal  stability  than  the 
high-aluminum- content  binary  alloys.  The  addi¬ 
tions  of  molybdenum,  tin,  and  zirconium  to  the 
Ti-6A1  base  gave  this  new  alloy  the  balance  to 
satisfy  these  requirements.  The  beta- stabilizing 
addition,  molybdenum,  increases  room-  and 
elevated- temperature  tensile  strength  and  en¬ 
hances  stability  while  the  combination  of  alumi¬ 
num,  tin,  and  zirconium  maintain  the  long-time 
(creep)  elevated-temperature  strength.  The  in¬ 
crease  in  density  resulting  from  the  8  percent- 
heavier  metal  additions  (tin,  zirconium,  and 
molybdenum)  is  small,  while  the  increase  in 
toughness  due  to  these  additions  is  significant. 
Since  the  combination  of  alloying  elements  net 
only  a  weakly  stabilized  beta  content,  the  alloy 
is  weldable. 


C  0.  05  max 

N  0.  05  rnax 

O  0,  12  max 

H  0.  010C  max  (billet) 

0.  0125  max  (bar) 

0.  0150  max  (sheet) 

1-9.5  SPECIFICATIONS 

MIL-T-9046F. 


The  effect  of  aluminum  in  this  composition 
on  the  allctropic  transformation  in  titanium  is  to 
stabilize  the  alpha  phase  and.  increase  the  beta 
transus  temperature  to  about  1815  F.  Variations 
in  alloy  composition  and,  in  particular,  varia¬ 
tions  in  oxygen  content,  affect  the  beta  transus 
temperature.  Oxygen  and  aluminum  are  strong 
alpha-phase  stabilizers.  Tin,  zirconium,  and 
especially  molybdenum  tend  to  lower  the  beta- 
traneus  temperature. 
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The  transformation  kinetics  of  Ti-6Al-2Sn- 
4Zr-2Mo  have  been  studied  by  conventional  quench 
techniques  to  produce  a  time-temperature- 
transformation  diagram  such  as  that  shown  in 
Figure  1-9.6.  1-1.  The  study  has  placed  the  Ms 
temperature  at  about  1470  F  and  the  Mf  tempera¬ 
ture  at  about  1415  F.  Transformation  by  nuclea- 
tion  and  growth  is  very  rapid. 

The  structures  of  Ti-6Al-2Sn-4Zr-2Mo  alloy 
are  typically  massive  equiaxcd  alpha  in  a  trans¬ 
formed  beta  matrix.  The  equiaxed  alpha  grains  in 
sheet  product  tend  to  be  smaller  than  found  in 
forgings,  and  to  be  present  in  greater  proportion 
than  in  forgings.  Primary  alpha  is  typically  about 
80  to  90  percent  of  the  structure  in  sheet  and  can 
range  somewhat  lower  than  this  in  forged  product. 
As  in  other  near-alpha  alloys,  small  amounts  of 
residual  beta  phase  can  be  observed  metallo- 
graphically  within  the  transformed  beta  portion  of 
the  structure.  The  occurrence  is  typically  be¬ 
tween  the  acicular  alpha  grains  of  the  transformed 
phase. 

1-9.  6.  2  Deformation  Practice  and  Effects 

The  forging  of  Ti-6Al-2Sn-4Zr-2Mo  alloy 
has  been  accomplished  at  temperatures  high  in 
the  alpha-beta  region  successfully.  Closed-die 
forgings  were  upset-blocked  from  1775  F  and 
finished  from  1750  F  using  typical  titanium  forging 


procedure.  Conversion  of  ingot  to  billet  can  be 
done  at  higher  starting  temperatures  with  finish¬ 
ing  temperatures  selected  to  provide  a  mixed 
alpha-beta  structure  in  the  product  shipped.  The 
forging  of  the  Ti-6Al-2Sn-4Zr-2Mo  alloy  entirely 
within  the  beta  region  has  been  briefly  reported 
(see  Table  1-9.  6.  4.  1-7).  As  with  other  high- 
strenKth  titanium  alloys  this  technique  may  offer 
certain  advantages  to  the  forgers  and  may  provide 
a  desirable  combination  of  properties  in  addition 
to  bettor  creep  strength. 

Very  little  information  is  available  on  the 
fabrication  of  Ti-6A1-  2Sn-4Zr-2Mo  sheet.  The 
heat-treatment  temperatures  recommended  have 
been  designed  for  compatibility  with  hot  sheet 
forming  and  sizing  operations.  On  this  basis, 
sheet  forming  between  1450  and  1100  F  is  sug¬ 
gested,  Depending  upon  the  severity  of  the  form¬ 
ing  required,  a  high  or  low  temperature  within 
this  range  could  be  selected.  The  guaranteed 
room-temperature,  minimum-bend  radius  for 
sheet  product  is  between  4.  5  and  5T. 

i-9.  6.  3  Heat-Treatment  Practice  and  Effects 

1-9.  6.  3.  0  General  Remarks 

A  variety  of  heat  treatments  for  the  Ti-6A1- 
2Sn-4Zr-2Mo  alloy  are  possible.  A  particular 
condition  is  usually  selected  on  the  basis  of  type 
product,  part  section  size,  and  properties  desired. 


10  100 


FIGURE  1-9,  6.  1-1.  ISOTHERMAL  TIME- TEMPERATURE-TRANSFORMATION 
DIAGRAM  FOR  Ti-6Al-?.Sn-4Zr-2MoO ) 


160 
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1-9.  6.  3.1  Stress- Relief  Annealing 

A  stress- relief-annealing  temperature 
range  for  this  alloy;  is  900  to  1200  F,  A  1  to  4- 
hour  exposure  within  this  temperature  range  is 
recommended.  Obviously,  a  stress-ralisf- 
annealing  condition  should  be  selected  on  the  basis 
of  what  portion  of  the  residual  stress  it  is  de¬ 
sirable  to  reduce.  No  information  is  available  on 
the  absolute  reduction  of  residual  stress  using 
particular  stress- relieving  treatments. 


1-9.  6.  3.2  Annealing 

Several  different  annealing  treatments  are 
available  for  the  Ti-6Al-2Sn-4Zr-2Mo  alloy. 

Choice  depends  upon  the  product  form  and  the 
section  size  of  the  product  as  well  as  on  the 
properties  desired.  A  general  annealing  treatment 
is  offered  by  the  producer  that  consists  of  a  1  to 
8-hour  exposure  at  1300  to  1550  F  followed  by 
slow  cooling  to  1050  F  and  subsequent  air  cooling. 
For  bar  and  forged  sections,  solution  annealing 
iuf  1  hour  at  1650  to  1750  F  plus  stabilization 
annealing  for  8  hours  at  1100  F  and  air  cooling  is 
recommended.  In  this  condition,  the  guaranteed 
room-temperature  properties  of  1-inch- 
diameter  bar  are  as  follows: 

130  ksi  ultimate  tensile  strength, 

120  ksi  0.  2  percent  yield  strength, 

10  percent  elongation,  and  20  percent 
reduction  in  area. 


Two  thermal  treatments  have  been  developed 
for  sheet  that  involve  two-part  or  three-part  heat 
treatment  as  follows: 


Duplex  annealing:  1/2  hour,  1650  F, 
AC,  plus  1/4  hour,  1450  F,  AC 

Triplex  annealing:  1/2  hour,  1650  F, 
AC,  plus  1/4  hour,  1450  F,  AC, 
plus  2  hours,  1100  F,  AC. 


Each  of  the  heat-treated  conditions  offers 
excellent  high-temperature  strength  and  stability 
combined  with  good  fracture  toughness  at  lower 
temperatures.  The  advantage  of  triplex  anneal¬ 
ing  is  in  higher  uniaxial  strength  at  room  tem¬ 
perature.  For  sheet  less  than  0.  125  inch  in 
thickness,  shorter  annealing  time  at  1650  F  than 
indicated  above  is  recommended.  Ten  minutes  at 
temperature  has  been  suggested.  Room  and 
elevated-temperature  tensile  properties  for  Ti- 
6Al-2Sn-4Zr-2Mo  alloy  sheet  are  shown  in 
Figure  1-9.  6.  3.  2-1.  Creep  data  are  summarized 
using  the  Larson-Miller  treatment  in  Figure 


FIGURE  1-9.  6.  3.2-1.  ROOM  AND  ELEVATED- 
TEMPERATURE  TENSILE  PROPERTIES 
OF  Ti-6Al-2Sn-4Zr-2Mo  SHEET<J> 


Section  size  is  a  criterion  for  the  selection 
of  the  high  temperature  annealing  portion  of 
duplex  annealing  for  bar  and  forgings  as  indicated 
below: 


Bar  and  forged  sections 
less  than  2.5  inches  in 
diameter 


1  hour,  1750  F, 
AC  +  8  hours, 
1100  F,  AC 


Bar  and  forged  sections 
greater  than  2.5  inches 
in  diameter 


1  hour,  1650  F, 
AC  +  8  hours, 
1100  F,  AC 
or  1  hour, 
1750  F,  AC 
+  8  hours, 
1100  F,  AC 


The  1650  F  treatment,  along  with  the  1100  F 
stabilization  anneal,  provides  somewhat  higher 
tensile  strengths  at  room  and  elevated  tempera¬ 
tures  while  the  1750  F  treatment  combined  with 
1.00  F  stabilization  as  above  results  in  superior 
creep  resistance  at  the  higher  temperatures, 
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FIGURE  1-9.  6.  3.  2-2.  LARSON-MILLER  PRESENTATION  OF  0.  1  PERCENT 
CREEP  DATA  FOR  Ti-6Al-2Sn-4Zr-2Mo  SHEETO) 


improved  stability,  and  slightly  higher  room- 
temperature,  notched-stress,  rupture  strength. 
Undoubtedly,  temperatures  above  and  below  1750  F 
would  give  slightly  different  alpha  to  b.eta  ratios 
and  therefore  result  in  different  strengths  after 
subsequent  aging.  Additional  recommendations 
for  heat  treatments  of  this  kind  can  be  requested 
from  the  producers. 

Room  and  elevated-temperature  tensile 
properties  for  Ti-6Al-2Sn-42r-2Mo  bar  and  forg¬ 
ings  are  shown  in  Figures  1-9,  6,  3.  2-3  and  -4. 
Larson-Miller-type  treatment  of  bar  and  forging 
creep  data  is  presented  in  Figure  1-9,  6,  3,  2-5, 

1-9.  6.  3.  3  Strengthening  Heat  Treatments 

The  Ti-6A1-’ 3n-4Zr-2Mo  alloy  may  be 
heat  treated  to  obtain  higher  uniaxial  tensile 
strengths  by  conventional  solution  heat  treatment 
and  aging  exposures.  Since  the  beta  content  in 
this  alpha-beta  alloy  is  small,  the  response  to 
such  a  strengthening  heat  treatment  is  not  large. 
Further,  the  material  in  the  STA  condition  has 
lower  creep  strength  than  in  the  annealcd-plus- 
stabilized  condition. 


1-9.  6.  3,  3.  1  Solution  Annealing 

The  preferred  solution- heat- treatment 
temperature  for  the  Ti-6Al-2Sn-4Zr-2Mo  alloy  is 
1750  F.  Exposure  at  this  temperature  is  typically 
1  hour  and  the  treatment  is  terminated  by  water 
quenching. 

1-9.  6,  3.  3.2  Aging  Heat  Treatments 

After  solution  heat  treatment  at  about  >750  F 
and  water  quenching,  the  Ti-6Al-2Sn-4Zr-2Mo 
alloy  will  respond  to  aging  in  the  1000  to  1 100  F 
temperature  range  with  a  substantial  increase  in 
tensile  strength.  Average  tensile-property  values 
obtained  from  a  compressor  wheel  forging  in  the 
STA  condition  are  compared  with  the  same  materi¬ 
al  as  annealed  in  Figure  1-9.  6.  3.  3,  2-1.  However, 
the  disadvantage  of  the  STA  condition  in  creep  for 
this  same  material  »  illustrated  in  Figure 
1-9,  6,  3.  3.  2-2. 

1-9.  6.  4  Stability 

The  thermal  and  chemical  stability  for  the 
Ti-6Al-2Sn-4Zr-2Mo .alloy  have  beer  rather 
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FIGURE  1-9.  6.  3.  2-3.  ROOM  AND  ELEVATED- 
TEMPERATURE  TENSILE  PROPERTIES 
OF  Ti-6Al-2Sn-4Zr-2Mo  BARSTOCK 
2-1/4  INCHES  IN  DIAMETER^) 


0  200  400  600  800  1000 

Temperature,  F 

FIGURE  1-9.  6.  3.  2-4.  ROOM  AND  ELEVATED- 
TEMPERATURE  TENSILE  PROPERTIES 
OF  Ti-6Al-2Sn-4Zr-2Mo  FORGED 
COMPRESSOR  WHEEL(U 


*»  M  t»  SO  3)  K  »  S4  « 
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FIGURE  1-9.  6.  3.  2-5.  LARSON- MILLER  PRESENTATION  OF  CREEP  DATA  FOR 
BAR  AND  FORGED  SECTIONS  OF  Tl-6Al-2Sn-4Zr-2MoO). 
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FIGURE  1-9.  6.  3.  3.  2-1.  TENSILE  PROPERTIES 
VERSUS  TEMPERATURE  FOR  MATERI¬ 
AL  FROM  A  Ti-6Al-2Sn-4Zr-2Mo  COM¬ 
PRESSOR  WHEEL  FORGING<2> 


thoroughly  researched  for  this  comparatively  new 
composition.  Complete  stability  is  meant  as  no 
change  in  material  characteristics  due  to  an  ex¬ 
posure  involving  temperature  and/or  chemical 
media  different  from  ambient  conditions.  Also, 
length  of  exposure  as  well  as  the  stress  imposed 
on  the  material  are  important  factors.  One  of  the 
important  features  of  the  Ti-6Al-2Sn-4Zr-2Mo 
alloy  is  that  it  shows  very  attractive  stability  in 
a  variety  of  exposure  environments. 

1-9.  6.  4.1  Thermal  Stability 

A  large  number  of  data  have  been  generated 
ir.  determining  '•he  thermal  stability  of  Ti-6Al-2Sn- 
4Zr-2Mo  material  under  demanding  temperature- 
stress-time  exposure  conditions.  The  data  are 
given  for  sheet,  rolled  bar,  forged  bar,  and 
forged  sections  in  Tables  1-9.6.  4.  1-1  through 
1*9,  6,  4,  1-7,  Additional  long-time-exposure 
data**)  are  summarised  below  for  samples  from 
1-3/8- inch  bar  stock  that  had  been  heat  treated 
1  hour  at  1775  F,  air  cooled,  and  aged  8  hours  at 
1100  F  followed  by  air  cooling. 


(Average  of  radial  and  axial  tests. 
Material  aged  1100  F,  8  hr,  and  air 
cooled.  ) 


FIGURE  1-9.  6.  3.  3.  2-2.  TYPICAL  CREEP 

CURVES  FROM  A  Ti-6Al-2Sn-4Zr-2Mo 
FORGING*2) 

(900  F,  50  k»i  exposure, ) 


Stability 

Exposure 

Time  to 

0.  \% 
Deforma¬ 
tion, 
hr 

Total 

PlMtiC 

Deforma¬ 

tion, 

% 

UTS, 

kei 

Room-Tempe-ature 
Tensile  Properties 
After  Exposure 

YS 

(0.  2%),  Elr--  , 
Sc»l  % 

RA, 

% 

3000  hours 

185 

0.  276 

156 

145 

13 

23 

at  825  F 
and  47.  5 
kai 

0.  19Z  ■ 

155 

142 

14 

19 

2300  hours 

98 

0. 436 

157 

149 

16 

32 

at  925  F 
and  27.  5 
kai 

0.  240 

160 

151 

18 

38 

The  test  results  indicate  a  capability  of  applica¬ 
tion  at  temperatures  up  to  1050  F,  and  outstand¬ 
ing  post-exposure,  room-temperature,  tensile 
results  up  to  this  temperature.  Stability  is 
apparent  by  comparing  the  favorable  values  of 
post-exposure  ductility  and  strength  with  those  of 
the  s'nexposed  material. 

1-9.  6.  4.  2  Chemical  Stability 

While  definitive  data  are  not  available,  it 
is  believed  that  the  properties  of  the  Ti-6Al-2Sn- 
4Zr-2Mo  alloy  are  not  adversely  affected  by  the 
small  amount  of  surface  oxide  formed  during  ex¬ 
posure  to  service  temperatures.  Also,  it  is  be¬ 
lieved  that  the  alloy  has  essentially  the  same 
corrosion  resistance  as  all  titanium  alloys  to 
most  organic  salts  and  acids. 

The  resistance  of  Ti-6Al-2Sn-4Zr-2Mo 
alloy  to  accelerated  crack  propagation  in  aqueous 
environments  (i,  e.  ,  salt-water,  stress-corrosion 
phenomenon)  has  not  been  reported.  However, 
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TABLE  1-9.  6.4.1-L  1000- HOUR  ELEVATED- TEMPERATURE  THERMAL  STAB IUTY  OF  Ti-6Al-2Sn-4Zv 
2Mo  SHEET<») 


Room- Temperature  Smooth  and  Notched 
Tensile  Properties  After  Thermal  Exposure 
YS 

UTS,  (0.  2%),  Elong.  ,  NTS.  1  '  Ratio, 
kai  kai  %  ksi  NTS/YS 


Heat  Treatment 


Thermal 

Exposure 


Specimen 

Direction 


1650  F,  1/2  hr,  AC  + 

None 

1450  F,  1/4  hr,  AC  4 
1100  F,  2  hr,  AC 

600  F, 

1000  hr 

800, F, 

1000  hr 

900  F, 

1000  hr 

1000  F 

,  1000  hr 

1650  F,  1/2  hr,  AC  4 

None 

1450  F,  1/4  hr,  AC 

600  F, 

1000  hr 

800  F, 

1000  hr 

900  F, 

1000  hr 

1000  F 

,  1000  hr 

61.6  1 

4 

9.5  10.5  1. 

>7.7 

0.92 

68.6  1 

r 

4. 8  13. 5  U 

12.4 

0.92 

68.5  1 

5 

4.9  10.5  I. 

}6.  6 

0.  88 

67.8  1 

6 

1.3  10.5  H 

15.9 

0.  9C 

68. 9  1 

6 

1.7  14.0  i: 

57.6 

0.  85 

65.7  1 

6 

0.0  12.0  1. 

>3.7 

0.  84 

62.9  1 

5 

8.  1  13  0  i; 

58.9 

0.  82 

(a)  0.  036-inch-thickneaa  sheet.  All  apecimena  acid  pickled  0.  002  per  surface  after  expoaure  prior  to  tecaiie 
tests. 

(b)  Kj  =  17  min. 

(c)  Broke  at  end  of  gage  length. 

TABLE  1-9.  6.  4.  1-2.  1000-HOUR  ELEVATED- TEMPERATURE  STRESS  STABILITY  OF  Ti-6Al-2Sn- 
4Zr-2Mo  SHEET<«) 


Heat  Treatment 


1650  F,  1/2  hr,  AC  4 
1450  F,  1/4  hr,  AC 


1650  F,  1/2  hr,  AC  + 
1450  F,  1/4  hr,  AC  4 
1100  F,  2  hr,  AC 


Stability  Expoaure  Condi tiona 
Temp,  Stress,  Time, 
F  kai  hr 


Room- Temperature  Tenaile 
Plaatic  Propertica  After  Streaaed  Expoaure 

Deforma-  YS 

tion,  UTS,  (0. 2%),  Elong.  , 

%  kci  kai  It 


1000(c>  0.  15 


I000'c>  0. 22 


(a)  0. 040-inch-thick  longitudinal  apecimena. 

(b)  Broke  at  end  of  gage  length. 

(c)  Surtace  conditioned  by  acid  pickling  0, 002  inch  per  surface  prior  to  tenaile  tasting, 
conducted  on  the  as-exposed  surface. 


Ail  other  tensile  teste 
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TABLE  1-9. 6. 4. 1-3.  ELEVATED- TEMPERATURE  STRESS  STABILITY  OF  Ti-6A1-  2Sn-4Zr- 
2M o  TRIPLEX- ANNEALED  SHEET^) 


Rcom-  Temperature 


Sheet 

Thickness, 

in. 


0.  036 


0.  08 


0.  125 


Tensile  Properties  After' 

Stability  Exposure  Plastic  Stressed  Exposure 


Temp, 

F 

Condition* 

Stress* 

ksi 

Time, 

hr 

Specimen 

Direction 

Deforma¬ 

tion, 

% 

UTS, 

ksi 

YS 

(0.  2%), 
ksi 

Elorg.  , 

%  ' 

None 

L 

158.7 

149.9 

U.O 

T 

-- 

156.  5 

147.4 

13.0 

600 

65 

150 

L 

0.  06 

166.5 

152.9 

12.  0 

T 

0.07 

163.9 

151.9 

15.0 

900 

45 

150 

L 

0. 16 

167.  6 

156.0 

13.  0 

T 

0.  17 

163.9 

151.0 

15.  3 

1000 

25 

ISO 

L 

0.  30 

167.7 

154.3 

13.5 

T 

0.  SI 

164.5 

153.2 

14.  8 

None 

L 

_  m 

160.  2 

145.9 

12.3 

T 

— 

147.6 

135.3 

11.8 

800 

65 

150 

L 

0.  05 

162.5 

14b.  2 

18.0 

T 

0.  10 

148.3 

134.7 

15.5 

900 

45 

150 

L 

0.  12 

162.2 

145.5 

18.5 

T 

0.  14 

148.5 

135.4 

14.5(a) 

1030 

25 

150 

L 

0.  25 

165.5 

152.5 

10.5 

None 

L 

145.6 

133.5 

14.7 

T 

— 

149.6 

135.4 

15.2 

800 

65 

150 

L 

0.  06 

146.8 

135.3 

20.  0 

T 

0.  06 

151.2 

136.3 

16.0 

900 

45 

150 

L 

0. 19 

148.2 

134.4 

20.0 

T 

0. 14 

151.5 

137.6 

21.5 

1000 

25 

150 

L 

0,  22 

149.  1 

136.7 

18.5 

T 

0.  19 

152.5 

138.2 

20.0 

(a)  Broke  at  end  of  gage  length. 


TABLE  1-9.  6. 4.  1-4.  ELEVATED- TEMPERATURE  STRESS  STABILITY  OF  Ti-6Al-2Sn-4Zr-2Mo  ROLLED 
BAR*1*3) 


Room- Temperature 
Tensiie  Properties  After 

Stability  Exposure  Plastic  Stressed  Exposurn(a) 

Conditions _ Deforma-  YS 


Heat  Treatment 

Bar 

Diameter, 

Temp, 
in.  F 

Stress, 

ksi 

Time, 

hr 

tioa, 

% 

UTS, 

ksi 

(0.  2%), 
ksi 

Elong.  , 
% 

RA. 

% 

1650  F,  1  hr,  AC  + 

1-1/8 

None 

152.6 

140.  5 

20.  2 

41.2 

1190  F,  8  hr,  AC 

1-1/8 

900 

45 

150 

0.  14 

145.7 

133.  0 

17.0 

45.0 

1-1/8 

1000 

25 

150 

0.  19 

145.9 

136.  3 

15.0 

42.0 

2-1/4 

None 

143.2 

127.  1 

15.0 

24.7 

2-1/4 

800 

65 

150 

0.  17 

139.6 

129.3 

16.0 

32.  1 

2-1/4 

900 

45 

150 

0.  13 

141.6 

126.8 

14.0 

31.4 

2-1/4 

1000 

25 

150 

0.  14 

143.3 

134.4 

13.0 

20,7 

2-1/4 

1100 

10 

150 

0,  14 

135.3 

123.7 

14.0 

24.0 

1750  F,  1  hr,  AC  * 

2-1/4 

Nonw 

141.4 

125.8 

15.0 

24.7 

1100  F,  8  hr,  AC 

2-1/4 

800 

65 

150 

0.  12 

137.  1 

123.  2 

16.0 

23.7 

2-1/4 

900 

45 

150 

0.  12 

135.6 

121.7 

15.0 

28.  2 

2-1/4 

1000 

25 

150 

0.  11 

140.4 

127.6 

18.0 

33.4 

2-1/4 

1100 

i'l 

iSO 

0.  11 

137.8 

128.  2 

16.5 

33.  f 

(a)  Specimens  tested  in  the  as-exposed  condition. 
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TABLE  1-9.  6.4.  1-5.  lOOO-HOUR  ELEVATED- TEMPER  ATURE  STRESS  STABILITY 
OF  Ti-6Al-2Sn-4Zr-2Mo  ROLLED  BAR(a) 


Room- Temperature  Tensile 

Stability  Exposure  Plastic  Properties  After  Stressed  Exposure^*) 

Conditions _ Deforma-  YS 


Temp, 

F 

Stress, 

ksi 

Time, 

hr 

tion, 

% 

UTS, 

ksi 

(0.  2%), 
ksi 

Elong. , 

% 

RA, 

5, 

None 

137.  0 

120.7 

15.5 

30.7 

800 

55 

1000 

0.  11 

147.4 

132.  3 

15.5 

34.3 

850 

50 

100C 

0.  15 

143.  6 

132.  2 

18.5 

34.  8 

900 

50 

1000 

0.  17 

142.4 

129.  1 

17.5 

28.9 

1000 

15 

1000 

0.  12 

142.  1 

131.2 

15.  0 

31.6 

(a)  Outside  longitudinal  specimens  from  2- 1/4-inch-diameter  bar,  heat  treated 
1650  F,  1  hr,  AC  +  1100  F,  8  hr,  AC. 

(b)  Specimens  tested  in  the  as- exposed  condition. 


TABLE  1-9.  6. 4.  L  6.  ELEVATED- TEMPERATURE  STRESS  STABILITY  OF  FORGED  3-INCH  SQUARE 
Ti-6Al-2Sn-4Zr-2Mo  BAR(a> 


Room- Temperature  Tensile 

Specimen  Stability  Exposure  Plastic  Properties  After  Stressed  Exposure***' 

Location  _ Conditions _  Deforma-  YS 


Heat  Treatment 

and 

Direction 

Temp, 

v- 

Stress, 

ksi 

Time, 

hr 

tion, 

% 

UTS, 

ksi 

(0.  2%)r 

ksi 

Elong.  , 
% 

RA, 

% 

1650  F,  1  hr,  AC  + 

OL 

None 

.. 

146.  2 

135.5 

16.  5 

39.9 

1100  F,  8  hr,  AC 

OT 

None 

-- 

143.5 

130.8 

14.  0 

30.  2 

CT 

None 

— 

144.5 

135.  5 

17.0 

43.3 

OL 

800 

65 

150 

0.  01 

143.  0 

134.  0 

19.  0 

41.  6 

OT 

1000 

25 

150 

0.  19 

.146.8 

136.  5 

16.  0 

26.  1 

OL 

1100 

10 

150 

0.  23 

141.  0 

134.  1 

16.  5 

35.4 

CT 

90C 

45 

150 

0.  14 

142.  2 

132.  2 

18.  0 

47.  0 

1750  F,  1  hr,  AC  + 

CL 

None 

_ 

138.5 

129.  3 

19.  0 

39.  2 

1100  F,  8  hr,  AC 

CT 

None 

-- 

137.8 

128.  5 

16.  0 

30.  7 

OL 

800 

65 

150 

0.  08 

139.  6 

129.  5 

18.  0 

37.  3 

OL 

1100 

10 

150 

0.  32 

138.  5 

131.  2 

17.  0 

35.4 

OT 

1000 

25 

150 

0.  17 

141.4 

131.6 

14.  5 

32.  8 

CT 

900 

45 

150 

0.  14 

137.6 

127.  3 

15.  0 

33.5 

(a)  Heat  treated  as  7-inch-long  fuii  sections. 

(b)  Specimens  tested  in  the  as-exposed  condition. 


TABLE  1-9.  6.4.  1-7.  lOOO-HOUR  ELEVATED- TEMPER  ATURE  STRESS  STABILITY  OF 
Ti-6Al-?Sn-4Zr-2Mo  FORGED  SECTIONS^) 


ea 


Room- Temperature  Tensile 

Stability  Exposure  Plastic  Properties  After  Stressed  Exposure^0) 

Conditions _  Deforma-  YS 


Specimen  Grain 
Structure 

Temp, 

F 

Stress, 

ksi 

Times, 

hr 

tion, 

% 

UTS, 

ksi 

(0.  2%), 
ksi 

Elong.  , 

% 

RA, 

% 

Equiaxed 

None 

143.  5 

131.9 

17.0 

43.4 

Transformed^** 

None 

— 

141.  1 

129.  0 

13.  5 

43.  0 

Ectiiaxod 

800 

65 

1000 

0,  195 

142.  4 

131.4 

20.  0 

40.  6 

Transformed 

800 

65 

1000 

0.  113 

141.  3 

130.4 

17.0 

39.8 

Equiaxed 

900 

50 

1000 

0.250 

148.9 

134.  1 

IT  0 

36.  2 

Transformed 

900 

50 

1000 

0.  168 

149.4 

136.9 

18.  0 

28.  1 

(a)  All  specimens  heat  treated  1750  F,  1  hr,  AC  +  1100  F,  8  hr,  AC, 
*b)  Average  of  duplicate  tests. 

(c)  Specimens  tested  in  the  as-exposed  condition. 
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based  on  the  good  behavior  of  similar  compositions 
in  salt-water  testing  by  the  Navy,*4)  it  is  believed 
that  the  Ti-6Al-2Sn-4Zr-2Mc  alloy  would  be  rela¬ 
tively  insensitive  to  stress-corrosion  of  this 
type.  These  investigators *4)  found  that  the  follow¬ 
ing  alloys  were  insensitive: 

Ti-7Al-2. 5Mo  Ti-6A1-4V 

Ti-6Al-2Mo  Ti-6Al-2Sn-  IMo-  3V 

Ti  -6Al-2Sn-  IMo-  IV  Ti-5Al-2Sn-2Mo-2V 

Ti-6.  5Al-5Zr-  IV 


The  criteria  for  insensitivity  in  the  Navy  tests 
were:  (1)  little  or  no  loss  in  nominal  bend  strength, 
(2)  nonaccelerated  or  normal  crack  propagation 
rates,  and  (3)  normal  appearance  of  the  fracture 
surface  (in  tests  conducted  in  a  sea  water  en¬ 
vironment).  Thus,  -t  is  readily  apparent  that  the 
Ti-6A1- 2Sn-4Zr- 2Mo  alloy  fits  withir.  the  group  of 
insensitive  compositions  above  and  that  in  lieu  of 
test  data  the  best  estimate  is  that  the  alloy  is  in¬ 
sensitive  to  aqueous  environment  stress'  corrosion. 


The  critical  stress  level  required  to  cause 
cracking  during  elevated-temperature  exposure  to 
chloride  containing  environments  is  one  measure 
of  an  alloy's  resistance  to  hot- salt  stress 
corrosion.  In  this  test,  time,  temperature,  and 
stress  as  well  as  environmental  media  are  inter¬ 
related.  Threshold  values  of  each  parameter  can 
be  determined  to  define  the  sensitivity  of  a  compo¬ 
sition  to  the  hot -salt  cracking  phenomenon.  In 
tests  conducted  on  the  Ti-6Al-2Sn-4Zr-2Mo  alloy, 
the  results  appear  to  show  a  relative  insensitivity 
of  this  composition  to  hot-salt  cracking.  The 
test  data  are  shewn  in  comparison  with  test  data 
for  two  other  commercial  alloys  in  Figut e 
i-9.  6.4.  2-1.  If  should  be  emphasized  that  these 
results  were  obtained  in  a  test  representing  very 
severe  conditions  (e.  g.  ,  saturated  salt  solutions 
applied  directly  to  the  sample  in  copious  amounts). 
Further,  the  occurrence  of  the  phenomenon  in 
service  is  extremely  rare  if  not  entirely  unknown. 
Hot  salt  stress  corrosion  is  principally  a  laoora- 
tory  phenomenon,  although  consideration  of  its 
possible  occurrence  should  be  allowed  for  in  the 
design  of  hardware. 


TIME  -  HRS 


FIGURE  1-9.  6.4.  2-1.  800  F  SALT  SCREENING  TEST  RESULTS  FOR 

Ti-6AI-2Sn-4Zr-2Mo  IN  COMPARISON  WITH  TWO  OTHER 
COMMERCIAL  ALLOYS*1) 
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1-20.0  GENERAL  REMARKS 

In  addition  to  the  coverage  of  the  unalloyed 
grades  and  the  eight  titanium  alloys  of  principal 
interest  in  constructing  airframes  {Ti-5Al-2,  5Sn, 
Ti-8Al*lMo-lV,  Ti-6A1-4V,  Ti-6A1-6V- 2Sn, 

Ti-  13V-  1  lCr-3Al,  Ti-2.  25A1- 1  lSn-5Zr- lMo- 
0.  2Si,  Ti-6Al-2Sn-4Zr-2Mo,  and  Tt-4Al-3Mo- 
IV),  several  other  compositions  have  been  men¬ 
tioned  as  candidates  for  some  application  in  air¬ 
frame  construction: 

Ti-7Al-12Zr 
Ti-5Al-5Sn-5Zr 
Ti-4Al-0.  250 
Ti-2Cu 
Ti-7Al-4Mo 
Ti-3Al-2.  5V 
Ti-4Al-4Mo-4V 
Ti-lAl-8V-5Fe. 

These  candidates  are  not  listed  in  an  order 
of  most  probable  use,  but  rather  in  a  metallurgi¬ 
cal  alloy-type  order,  alpha  to  beta.  Abbreviated 
information  on  the  candi  iates  designations,  po¬ 
tential  application,  provable  use  form,  and  alloy 
type  are  given  in  Table  1-20.  0.  1.  Additional 
brief  sketches  of  each  alloy  are  given  in  Sections 
1-20.  1  to  1-20.8,  inclusive. 


1-20.1  NOMINAL  COMPOSITION  AND  MAJOR 
CONSTITUENTS!  ttTTf 

Ti-7Al-12Zr 


1-20.  1.  1  Commercial  Designations 

Ti-7Al-12Zr  (Titanium  Metals  Corporation 
of  America). 

1-20.  1.2  Alternate  Designations 
7-12 

1-20.  1.  3  Specifications 

MIL-T-9046D,  Type  II,  Composition  D. 
1-20.1.4  Composition 


Constituent 

TMCA 

A1 

6.  5-7.  5 

Zr 

11.5-12.  5 

Fe 

0.  0) 5  max 

C 

0,  04  max 

O 

0.  10  max 

N 

0.  03  max 

H 

0.  010  max 

TABLE  j-2u.  0.  1.  OTHER  TITANIUM  ALLOYS  OF  POSSIBLE  INTEREST  FOR  AIRFRAME  AND  ENGINE 
APPLICATIONS 


Nominal 


Composition, 

% 

Commercial  Designation! 
and  (Producer) 

Potentist 

Application 

Most  Probable 
Use  Form 

Alloy  Type 

Remarks 

Tl-7Al-12Zr 

Ti-7A1-  12Zr  (TMCA) 

Fasteners 

Engine  uses 

Rod  and  wire 
Forgings 

Alpha 

Weldable 

Ti-5Al-5Sn-5Zr 

Ti-5Al-55n-5Zr  (TMCA) 

Engine  uses 

Forgings 

Alpha 

Weldable 

Ti-4Al-0.  250 

T1-4A1-0.  250  (TMCA) 

Tubing,!*)  sheet  in 
secondary  structure 

Tubes  end 
sheet 

Alpha 

Weldable 

Ti-2Cu 

IMI-230  (Imperial 

Metala  Induatriea, 
Britain) 

Sheet  in  secondary 
(true  uro 

Sheet 

Alpha  + 
compound 

Not  weldable 

Tl-7Al-4Mo 

C-15AMO  (Crucible) 
HA-7146  (Harvey) 
RM1-7A1-4MO  ’RMI) 
Ti-7Al-4Mo  (TMCA) 

Engine  uses,  possibly 
structural  airframe 
part* 

Fcrginga 

Alpha  beta 

Not  weldable 

TI-3A1-2.  5V 

RMI-3A1-2.  5V  (RMI) 

Tubing  !*) 

Tubes  and  rod 

Alpha  beta 

Weldable 

T1-4A1-4MO-4V 

Ti-4 At-4Mo  (TMCA) 

Fasteners 

Rod 

lpha  bets 

Not  weldable 

Ti-  1 A1  -8  V-  5Fe 

RMI-  l/.,-8V-5Fe  (RMI) 

Fasteners 

Rod  and  wire 

Metaetable 

beta 

Not  weldable 

(a)  Potential  tubing 

user  include  airframe  structural  trusses,  ducting, 

and,  possibly,  hydraulic  lines 

Constituent 


TMCA 


Alpha.  The  Ti-7Al-12Zr  composition  is  an 
all- alpha- type,  since  one  of  the  major  additions, 
aluminum,  is  an  alpha  stabilizer,  while  zirconium 
is  a  neutral  stabilizing  addition  with  complete 
solubility  in  alpha  titanium.  The  alloy  is  not  heat 
treatable,  but  has  moderately  High  strength  at 
room  temperature  that  is  retained  to  a  great 
extent  at  elevated  temperatures.  It  has  excellent 
elevated-temperature  creep  strength,  although 
there  is  a  tendency  toward  metallurgical  in¬ 
stability  in  some  environments.  The  alloy  has 
excellent  weldability, 

1-20.1.6  Forms  Available 

Form  Remarks 


Billet  See  product  availability 

Bar  section  for  sizes  and 

Plate  product  details 

Sheet 

1-20,1.7  Description  and  Metallurgy 

The  Ti-7Al-12Zr  composition  was. developed 
as  a  thick-section  forging  alloy  for  elevated- 
temperature  creep-resistant  applications.  Thus, 
no  beta-stabilizer  content  is  included,  which  in 
general  lowers  elevated-ten. pe rat"re  strength. 
Also,  because  of  the  lacl  of  beta-stabilizer  addi¬ 
tion,  the  7-12  can  be  readily  welded  without  sub¬ 
sequent  embrittlement  of  weld  or  heat- affected 
zones  due  to  alpha-precipitation  reactions  from 
beta  phases.  The  beta-transus  temperature  of 
7-12  is  quite  high,  and  a  fairly  narrow  alpha- 
beta  two-phase  region  adjoins  it.  The  alloy  is 
onheat  treatable  and  is  usually  supplied  in  the 
equiaxed  alpha- annealed  condition. 

1-20.  2  NOMINAL  COM  POSITION  AND  MAJOR 
CON-STITUENTSd.Z/i) 


Ti  5Al-5Sn-5Zr 

1-20,  2.  \  Commercial  Designations 

Ti-5Al-5Sn-5Zr  (Titanium  Metals 
Corporation  of  America). 

1-20.2.2  Alternate  Designations 

5-5-5. 

1-20.  2.  j  Specifications 

MIL-T-9046D,  Type  II,  Composition  C. 


A1  4.  5-5.  5 

Sn  4.  3-5.  3 

Zr  4. 7-5.7 

Fe  0.  15  max 

O  0.  12  max 

C  0.  04  max 

N  0.  03  max 

H  0.  0150  max  for  sheet 

0.  0125  max  for  bar 
0.  0100  max  for  billet 

1-20,2.5  Alloy  Type 

Alpha.  The  Ti-5Al-5Sn-5Zr  alloy  is  an 
all-alpha  type  similar  to  the  Ti-7Al-12Zr  alloy, 
except  that,  since  it  has  lower  alloy  content,  it 
is  lesft  strong.  The  alloy  is  noted  for  its  good 
elevated- temperature  strength,  stability,  and 
weldability. 

1-20.2.6  Forms  Available 

Form  Remarks _ 


Billet  See  product  availability 

Bar  section  for  sizes  and 

Plate  product  details 

Sheet 
Strip 

1-20.2.7  Description  and  Metallurgy 

The  Ti-5Al-5Sn-5Zr  composition  is  less 
highly  alloyed  than  the  Ti-7Al-12Zr  alloy.  The 
tin  addition  ’ -  a  neutral  stabilizer,  >ut  is  wholly 
soluble  in  alpha  titanium.  The  strengthening  of 
1  percent  aluminum  is  usually  equalled  by  about 
3  percent  tin.  Thus,  in  the  5-5*5,  the  aluminum 
plus  tin  is  about  equal  to  the  aluminum  in  7-12  on. 
an  alpha-phase- strengthening  basis.  The  zir¬ 
conium  content  in  5-5-5  is,  of  course,  lower, 
which  results  in  a  lower  strength  alloy  but  also 
one  with  good  metallurgical  stability  in  thermal 
exposure  The  all- alpha  nature  of  the  --omposition 
permits  excellent  weldability. 

1-20-3  NOMINAL  COMPOSITION  AND  MAJOR 
CONSTITUENTS^  >  5 » *>) 

Ti-4Al-0.25|0 

1  - 20.  3.  1  Commercial  Designations 

Ti-4Al-0.  250  (Titanium  Metals 
Corporation  of  America). 


1-20:67- 3 


1-20.J.2  Alternate  Dealgnations 
Texture-strengthened  alloy, 
1-20.3.3  Specification* 

None. 

1-  20.  3.  4  Composition 


Constituent 

TMCA 

Al 

3.  5-4.  5 

O 

0.  2-0.  3 

Fe 

-- 

C 

-  - 

N 

-- 

H 

•  _ 

1-20.  3.  5  Alloy  Type 

Alpha.  The  T1-4A1-0.  250  alloy  la  an  all¬ 
alpha  type,  since  both  the  major  additions,  alumi¬ 
num  and  oxygen,  are  alpha  stabilizers.  Iron,  a 
beta  stabilizer,  is  controlled  to  low  limits  to  pre¬ 
vent  the  stabilization  of  beta  phase.  The  alloy  was 
developed  especially  for  its  texture- strengthening 
capabilities.  It  has  moderately  low  strength  level, 
but  ia  very  formable  and  weldable. 

1-20.  3.  6  Forma  Available 

Form  x  Remarks 


Sheet  See  product  availability 

Tubing  section  for  sizes  and 

product  details 

1-20.3.7  Description  and  Metallurgy 

The  early  experimental  work  reported  by 
TMCA  showed  that  standard  processing  practices 
did  not  induce  a  strong  anisotropy  in  the  Ti-5A1- 
2,  5Sn  or  Ti-6A1~4V  alloys.  The  study  did  show 
the  the  alpha  alloy  was  more  prone  to  texturing 
than  the  Ti-6A1-4V  alloy  and  that  texture  strength¬ 
ening  was  definitely  related  to  the  basal-plane 
orientation  of  the  hep  structure. 

Further  work  at  TMCA  has  been  directed 
toward  tailoring  a  composition  and  processing 
technique  to  result  in  a  maximum  texturing  benefit, 
An  alloy  containing  4  percent  aluminum  with  a 
controlled  oxygen  content  (nominally  0.  2  to  0.  3 
percent)  was  found  to  be  especially  suitable  for 
texturing.  The  aluminum  inhibits  the  rotation  of 
the  basal-plane  orientation  away  from  the  plane  of 
the  flat  product  and  also  serves  to  reduce  twinning. 
Twinning  would  serve  as  a  mechanism  to  aid 
thinning  in  conjunction  with  s'ip.  Teats  on  this 
material  at  Massachusetts  Institute  of  Technology 
indicated  that  the  amount  of  texture  hardening  in 
this  alloy  is  large.  R  was  determined  to  be  about 
5.  1.  Experimental  points  for  combined  stress 
loading  were  obtained  from  through-thickness 


compression  and  plane-strain  tests  (both  tension 
and  compression).  TMCA  also  has  shown  that  the 
TI-4A1-0  alloy  has  good  notch  toughness  as  low  as 
-423  F. 

It  is  believed  that  texture  strengthening  will 
be  especially  useful  in  improving  material  for 
cryogenic-pressure- vessel  applications.  While 
not  limited  to  this  usage,  the  strength  advantages 
at  the  lower  temperatures  appear  attractive. 

Investigations  are  in  progress,  which  are  an 
outgrowth  of  the  work  by  Backofen,  ,et  al,  that  seek 
to  take  advantage  of  titanium-alloy  anisotropy. 

The  theory  of  interest  le  known  at  texture  harden¬ 
ing  or  texture  strengthening.  While  present 
technology  eliminates  most  sheet  anisotropy  with 
regard  to  rolling  direction,  short  transverse 
(normal)  anisotropy  is  present  in  some  titanium 
products.  This  is  observed  as  a  resistance  to 
straining  through  the  thickness  of  the  sheet  and 
results  from  the  preferred  orientation  of  the 
principal  slip  system.  The  <ll"2o>  slip  directions 
are  oriented  parallel  to  the  plane  of  the  sheet  and 
are  thus  not  available  for  slip  through  the  sheet 
thickness.  In  biaxially  loaded  sheet,  which  cannot 
contract  freely  in  either  the  length  or  width  direc¬ 
tion,  deformation  occurs  more  by  thinning  than 
in  uniaxially  loaded  sheet.  The  net  result,  in 
material  resistant  to  thinning,  iB  an  increase  in 
strength.  Increases  in  yield  strength  as  high  as 
60  percent  have  been  predicted  for  titanium  sheet 
properly  textured. 

1-20.4  NOMINAL  COMPOSITION  AND  MAJOR 
CONSTITUENTS^ » gT~ ~ 


Ti-2Cu 

1-20.  4,  1  Commercial  Designations 

IMI  230  (Imperial  Metals  Industries, 

Division  of  Imperial  Chemical  Industries,  Britain). 

1-20,4,2  Alternate  Designations 

None. 

1-20,  4,  3  Specifications 
None. 

1-20.4.4  Compos ition 

Constituent  _ IMI- 1  Cl _ 

Cu  2. 0 

Fe  Maximums  permitted  are  unknown 

C  Maximums  permitted  are  unknown 

O  Maximums  permitted  are  unknown 

N  Maximums  permitted  are  unknown 

H  Maximum*  permitted  are  unknown 


1-20:67-4 


1-20.4.5  Alloy  Type 


1-20.  5.  3  Specification! 


Alpha- Compound.  Tha  Tl-2Cu  alloy  la  a 
binary  alloy  of  low  alloy  content  that  offera  few 
advantages  over  unalloyed  titanium.  The  chief 
advantage  ia  a  alight  Increaae  In  elevated- 
temperature  alrength.  However,  the  advantage  la 
only  realised  up  to  about  500  F,  at  which  tempera¬ 
ture  overaging  (the  agglomeration  of  compound 
(  Ti^Cu]  from  alpha)  can  occur  In  prolonged  ex¬ 
posure.  Welding  is  not  recommended  since  this 
compound  can  precipitate  during  fusion,  resulting 
in  embrittlement. 

1-20.4.6  Forma  Available 


Form  Remarks 


All  forms  are  No  details  are 

probably  avail-  available 

able,  since  the 
alloy  is  fabricated 
with  comparative 
ease 

1-20.4.7  Description  and  Metallurgy 

Copper  ia  soluble  in  alpha  titanium  up  to 
about  2  percent  at  1470  F.  The  Ti-Cu  system  is 
eutectic  with  eutectoidal  decomposition  of  beta 
phase  at  1470  F  to  form  alpha  plus  intermetallic 
compound,  T^Cu.  The  solubility  of  copper  de¬ 
creases  below  1470  F  to  about  0.  5  percent  at 
near  room  temperature.  Thus,  the  Ti-2Cu  alloy 
is  normally  used  in  the  annealed  alpha  plus  com¬ 
pound  structural  condition.  Aging  of  thia  struc¬ 
ture  results  in  further  compound  precipitation 
and  consequently  alight  strengthening.  The  ad¬ 
vantage  of  the  Ti-2Cu  alloy  over  unalloyed  titani¬ 
um  st-engthened  with  interstitials  is  that  inter¬ 
stitial  elements  lose  their  strengthening  effect  at 
elevated  temperatures,  whereas  the  dlspersed- 
phase  (Ti^Cu)  strengthened  alloy  does  not,  The 
chief  disadvantage  with  the  diapersed-phaae  alloy 
is  the  embrittlement  that  can  occur  during  weld¬ 
ing  operations.  Thus  the  Tl-2Cu  alloy  is  not 
recommended  for  welded  applications. 

1-20.5  NOMINAL,  COMPOSITION  AND  MAJOR 
CONSTITUENTS^/!) 

Ti-7Al-4Mo 

1-20.  5.  )  Commercial  Designations 

C-  135A  Mo  (Crucible  Steel  Company) 
HA-7146  (Harvey  Aluminum  Company) 
RMI-7Al-4Mo  (Reactive  Metals,  Inc.  ) 
Ti-7Al-4Mo  (Titanium  Metals  Corporation 
of  America). 

1-20.5.2  Alternate  Designations 
Tl-7-4  or  7-4. 


MIL-T-9046,  Type  III,  Composition  F. 
1-20.5.4  Composition 
Constituent 


Al 

Mo 

Fe 

C 

O 

N 

H 


1-20.5,5  Alloy  Type 

Alpha-Beta.  The  Ti-7Al-4Mo  alloy  is  an 
alpha-beta  alloy  type.  It  is  used  principally  as  a 
forging  alloy.  From  the  solution-heat-treated 
condition  it  ia  age  hardenable  to  high- strength 
levels.  It  is  a  higher  strength-level  alloy  than  the 
familiar  T1-6A1-4V  alloy,  although  at  the  higher 
strength  levels  it  has  poorer  fracture  toughness. 
The  alloy  may  be  used  in  the  aged  condition  to 
temperatures  up  to  850  F.  Up  to  this  temperature, 
in  the  fulled  aged  condition  the  alloy  in  stable. 
Welding  is  not  recommended. 

1-20.5.6  Forms  Available 


RMI  apd  TMCA 

6.5-7.  3 
3.4-4.  5 
0.  25  max 
0.  08  max 

0,  05  max 

0.  0125  max  for  bar 
0.  0100  max  for  billet 


Form 


Remarks 


Billet 

Bar 

Plst- 

Wlre 

Extrusions 


See  product  availability 
section  for  sizes  and 
product  details 


1-20.5,7  Description  and  Metallurgy 

The  Ti-7Al-4Mo  alloy  is  a  heat- treatable 
alpha-beta  alloy  that  contains  an  alpha  stabiliser 
(aluminum)  and  a  beta  stabiliser  (molybdenum). 

The  aluminum  addition  increases  the  temperature 
limit  of  the  alpha-beta  field,  thereby  extending  the 
hot- working  range,  and  strengthens  the  alpha  phase 
both  at  room  and  elevated  temperatures  by  solid- 
solution  strengthening. 

The  molybdenum  addition,  in  stabilising  the 
beta  phase,  renders  the  alloy  heat  treatable,  and 
strengthens  the  beta  phase  by  solid-sclution 
strengthening.  The  Ti-7Al-4Mo  alloy  has  more 
beta  phase  in  the  annealed  microstructure  than 
does  the  Ti-6A1-4V  alloy  because  of  the  much 
lower  solubility  of  molybdenum  in  alpha.  Also, 
since  molybdenum  forms  an  isomorphous  system 
with  titanium',  the  alloy  is  not  subject  to  thermal 
instability  caused  by  eutectoid  decomposition. 

The  Ti-7Al-4Mo  alloy  may  be  used  in  either 
the  annealed  or  the  aged  condition.  Solution  heat 


1-20:67- 5 


treatment  of  the  metml  prior  to  aging  heat  treat¬ 
ment  la  required.  The  recommended  annealing 
treatment  for  the  Tl-7Al-4Mo  alloy  la  1  hour  at 
1450  F,  furnace  cool  to  about  1050  F,  then  air 
cool  to  room  temperature.  Solution  heat  treat¬ 
ment  may  be  carried  out  at  temperature*  be¬ 
tween  1600  and  1800  F,  although  1700  to  1750  F 
is  recommended.  Solution  times  range  between 
1/2  and  1-1/2  hours,  and  the  treatment  la  termin¬ 
ated  by  water  quenching.  Aging  treatments  can 
be  between  950  and  1150  F  for  times  up  to  24 
hours.  Typical  aging  treatments  are  for  4  to  8- 
hour  exposure  at  about  1050  F. 

The  elevated-temperature  stability  of  this  al¬ 
loy  is  fairly  good  if  (1)  annealing  treatments  Include 
sufficient  annealing  exposure  and  sufficient  slow 
clooling  to  the  stabilisation  temperature  or  (2)  the 
aging  treatment  is  optimumly  selected  for  suffici¬ 
ent  aging  for  high  strength  and  aging  temperature  is 
just  above  the  proposed  service  temperature. 

1-20.6  NOMINAL  COMPOSITION  AND  MAJOR 
CONSTITUENTS! 1  u  »TrJ 

Ti-3Al-2.5V 


1  - 20.  6.  6  Form*  Available 

Form  Remarks 

Tubing  See  product  availability 

Sheet  section  for  sizes  and 

Bar  product  detail  a 

1-20.  6.  7  Description  and  Metallurgy 

The  Ti-3Al-2.  5V  alloy  is  a  true  alpha-beta 
type,  although  the  composition  has  a  very  lean 
beta  content.  In  fact,  the  vanadium  is  quite  soluble 
in  the  alpha  phase  and  augments  the  aluminum 
addition  in  strengthening  that  phase.  The  low  total 
alloy  content  does  not  afford  much  strengthening 
potential  from  the  solution-heat-treating  and  aging 
processes.  However,  because  of  the  presence  of 
a  beta  stabiliser,  some  age  hardenability  is 
present,  and,  in  addition,  the  beta  permits  good 
(ormabillty.  Because  the  beta  content  is  low,  the 
grade  may  be  welded  without  subsequent  embrittle¬ 
ment. 

1-20.7  NOMINAL  COMPOSITION  AND  MAJOR 
CONSTITUENTS^2)  “ 


1-20.  6.  1  Commercial  Designations 

RMI-3A1-2.  5V  (Reactive  Metals,  Inc.  ). 

1-20.6.2  Alternate  Designations 

3  -  2-1/7.  tubing  alloy 
Half  6-4  alloy 

1-20.  6.  3  Specifications 

None. 

1-20.6.4  Composition 

Constituent  RMI 


A1 
V 
Fe 
C 
O 
N 
H 

1-20.6.5  Alloy  Type 

Alpha- Beta  (Lean  Beta).  The  Ti- 3A1- 2.  5V 
alloy  is  a  lightly  alloyed  composition  of  the  alpha- 
beta  type,  developed  especially  for  welded  and 
seamless  tubing  aplicatlon.  It  has  greater  room 
and  elevated-temperature  strength,  greater  flara- 
bility,  and  lower  density  than  middle-strength 
grades  of  unalloyed  titanium.  Further,  it  is 
capable  of  age  hardening  to  moderate  strength 
levels  that  are  appreciably  higher  than  those  of 
unalloyed  titanium. 


2.  5-3.5 
2.  0-3.0 


Ti-4Al-4Mo-4V 

1-20.7.1  Commercial  Designation!! 

Ti-4Al-4Mo-4V  (Titanium  Metals  Corporation 
tlon  of  America). 

1-20,7.2  Alternate  Designation* 


4-4-4. 


1-20.  7.  3  Specifications 


None, 

1-20.7,4  Composition 

Constituent 

TMCA 

A1 

3.  5-4.  5 

Mo 

3.  5-4.  5 

V 

3.  5-4.  5 

Fe 

-- 

O 

-- 

C 

-- 

N 

-- 

H 

-- 

1-20.7.5  Alloy  Type 

Alpha-Beta.  The  Ti-4Al-4Mo-4V  composi¬ 
tion  is  an  alpha-beta  alloy  developed  for  thick- 
section  forgings  and  fasteners.  Becruse  of  a  rich 
beta  stabiliser  content,  the  alloy  has  deep  harden¬ 
ability  and  can  be  strengthened  to  high  levels  by 
aging  treatments.  Also,  because  of  the  high  beta 
stabiliser  content,  welding  is  not  recommended. 


1-20:67-6 


1-20.7.6  Form*  Available 

Form  Remark* 

Billet  See  product  availability 

Bar  section  (or  aice*  and 

Rod  product  detail* 

Wire 

1-20.7.7  De»cription  and  Metallurgy 

Since  thi*  composition  has  only  recently 
been  considered  (or  aircraft-fastener  usage,  not 
much  information  on  the  metallurgy  o(  the  compo¬ 
sition  has  been  published.  The  beta-stablliaer 
alloy  content  is  quite  high,  and  there(ore  one  can 
assume  that  it  might  behave  rnetallurgically  like 
Ti-  16V-2.  5A1  or  Ti-6Al-6V-2Sn  alloys.  Similar¬ 
ly,  it  should  be  somewhat  like  Ti-4Al-3Mo- 1 V 
alloy  but  with  richer  beta  content,  a  lower  beta 
transua,  a  more  stable  beta  phase,  and  a  greater 
age-hardening  response.  Also,  because  o(  the 
higher  beta  content,  the  4-4-4  is  less  weldable 
than  4-3-1. 

!-20.  8  NOMINAL  COMPOSITION  AND  MAJOR 
CONSTITUENTS^, 

Ti-lAl-8V-5Fe 


results  in  very  high  strength  level*.  The  alloy  is 
not  weldable  because  o(  problems  o(  embrittlement 
alter  welding. 

1-20.8.6  Form*  Available 

Form  Rtmn  rks  _____ 

Billet  See  product  availability 

Bar  section  (or  sires  and 

Rod  product  details 

Plate 

1-  20.  8.  7  Description  and  Metallurgy 

The  Ti- l  Al-8V-5Fe  alloy  is  a  high-strength, 
heat-treatable  composition  capable  o(  developing 
strength*  over  200  ksi.  This  high  strength, 
coupled  with  good  ductility  and  other  good  proper¬ 
ties  in  small  section  sires  make  it  attractive  (or 
(astener  applications.  Material  is  usually  sup¬ 
plied  in  the  annealed  condition. 
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1-20.8.1  Commercial  Designation* 

RMI- 1  Al-8V-5Fe  (Reactive  Metals,  Inc.  ). 
1-20.  8.  2  Alternate  Designations 
1-8-5 

185  beta  alloy 
RMI- 185. 
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Super- Alpha  Titanium  Alloys",  TMCA 
Engineering  Report  (July  1,  1963). 

Weiss,  V.  ,  and  Sessler,  J,  G.  ,  Aerospace 
Structural  Metals  Handbook,  Vol.  II, 
Non(errous  Alloys,  Titanium  Chapter, 

ASD  TRD  63-751,  Vol  II  (March,  1963). 


2*20.  8.  3  SpecHlcatlons 
None. 

1-20.8,4  Composition 

Constituent  _  RMI 


V 

7.5-8.  5 

Fe 

4.  5-5.  5 

Al 

0.  8-1.  8 

C 

0.  05  max 

O 

0.  3-0.  5 

N 

0.  07  max 

H 

0.  0125  max 

1  -  20.  8.  5  Alloy  Type 

Metastable  Beta.  The  Ti- 1  Al-8V-5Fe  alloy 
can  be  quenched  to  the  all-beta  structure  because 
o(  high  beta-stablliaer  content.  Because  of  the 
relative  instability  of  Iron- stabilised  beta,  the 
beta  structure  also  can  be  readily  decomposed  to 
precipitate  alpha  and  compound  phases.  The  de¬ 
composition  of  the  beta  phase  by  aging  treatments 


(4)  Backofen,  W.  A.  ,  Hosford,  W.  F.  ,  and 
Burke,  J.  J.  ,  "Texture  Hardening", 

Trane.  ASM,  55,  p.  264  (March,  1962). 

(5)  Larson,  F.  R.  ,  "Anisotropy  of  Titanium 
Sheet  in  Uniaxial  Tension",  AMRA  TR  63-36, 
U.  S.  Army  Materials  Research  Agency 
(December,  1963). 

(6)  Hatch,  A.  J.  ,  "Texture  Hardening  of 
Titanium  Alloys",  Evaluation  of  Commercially 
Produced  Sheet",  PR  No.  1,  TMCA  (March, 
1963). 

(7)  "Physical  and  Mechanical  Properties  -  I.  C.  I. 
Titanium,  2",  Engineering  Report,  Metals 
Division,  Imperial  Chemical  Industries 
Limited,  England  (no  date). 

(8)  Child,  H.  C.  ,  "Titanium  Alloys  in  Britain", 
Metal  Progress,  pp  90-94  (June,  1963). 

(9)  Douglass,  R.  W.  ,  and  Holden,  F.  C.  , 
"Compilation  of  Available  Information  on  the 
Ti-7Al-(3-4)Mo  Alloy",  TML  Memorandum 
157  (July,  1958). 
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(10)  "MST  3A1-2,  5V  Titanium  Alloy",  Mallory 
Sharon  (now  Reactive  Metals,  Inc.  ), 

Technical  Data  Sheet  (June,  1959). 

(13) 

Technical  Data  Sheet  on  MST- 1 85,  Reactive 
Metals,  Inc.  (Draft)  (no  date),  DMIC 
Document  56054. 

(11)  Stemme,  H.  W.  ,  "Titanium  Tubing  Evalua¬ 
tion",  Value  Engineering  Report  MMI  No. 

94,  Lockheed-Georgia  Company  (October, 
1962). 

(14) 

"Basic  Design  Facts  About  Titanium", 
Reactive  Metals,  Inc.  (brochure) 
(November,  1964). 

(12)  Personal  communications,  TMCA  (October 
1964). 
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2-0  Sources  and  Nomenclature  for  Titanium  Alloy${1'2) 


2-0.0  GENERAL  REMARKS 

Titanium  metal  stock  is  available  from  sever¬ 
al  companies.  Some  of  these  companies  Iwe  com¬ 
plete  facilities  to  process  stock  through  all  the 
steps  from  ore  to  mill  product,  while  others  spe¬ 
cialize  in  a  single  product  form.  Each  of  the  com¬ 
panies  describes  its  products  under  distinctive 
nomenclature,  and  most  companies  offer  a  variety 
of  titanium  alloys  for  various  end  uses. 

2-0.  1  TITANIUM  PRODUCERS 

The  principal  titanium- product  companies  are: 

Crucible  Steel  Company  of  America  (Crucible) 
Harvey  Aluminum  Company  (Harvey) 

Oregon  Metallurgical  Corporation  (Oremet) 
Reactive  Metals,  Incorporated  (RMI) 

Titanium  Metals  Corporation  of  America 
(TMCA). 

Oremet,  RMI,  and  TMCA  are  domestic  pro¬ 
ducers  of  titanium  metal  (sponge  form).  The  other 
companies  purchase  metal  (sponge)  from  the  domes¬ 
tic  producers  or  from  importers  of  Japanese  or 
British  s'  onge  titanium.  The  base  metal  is  melted 
by  the  producers,  eithf  alone  or  with  alloying  in¬ 
gredients,  to  form  ingots.  Ingots  in  turn  are  pro¬ 
cessed  to  mill  shapes  or  are  converted  to  forged 
and  extruded  shapes  for  additional  processing  and/ 
or  subsequent  use. 

Currently,  the  capacity  of  United  States  pro¬ 
ducers  to  produce  sponge  titanium  is  at  the  level 
of  about  32  million  pounds  per  year.  All  domestic 


producers  have  active  program.-!  to  increase  this 
capacity.  Domestic  titanium  sponge  consumption 
is  greater  than  sponge  production,  and  the  differ¬ 
ence  is  made  up  of  foreign-produoed  import  sponge. 
In  1966,  imports  totaled  about  10  million  pounds. 

Since  the  annual  growth  rate  for  titanium  mill 
products  has  been  increasing  rapidly  over  the  last 
few  years,  it  is  obvious  that  the  expanding  capacity 
to  produce  sponge  is  a  basic  requirement  for  the 
continued  growth  of  the  industry. 

2-0.2  PRODUCT  NOMENCLATURE 

Alloy  designations  vary  according  to  the  in¬ 
dividual  producer.  The  nomenclature  used  for 
identifying  alloyed  and  unalloyed  titanium  is  pre¬ 
sented  in  Table  2-0.  2-  1. 

2-0.3  SUPPLY  SOURCES  FOR  METAL  FORMS 
AND  SHAPES 

While  a  variety  of  unalloyed  titanium  grades 
and  titanium  alloys  are  offered  by  the  five  major 
producers,  only  a  few  are  of  prime  consideration 
in  the  planning  of  advanced  aircraft.  The  mill 
products  available  in  these  specific  materials  are 
not  all  standard  shelf  items  and  are  not  common  to 
each  company.  In  addition  to  the  five  major  pro¬ 
ducers,  numerous  other  sources  of  mill  products 
and  fabricated  forms  exist.  These  are  called  out, 
on  the  basis  of  existing  information,  in  the  sections 
that  follow.  Obviously,  the  number  of  these  secon¬ 
dary  supply  sources  is  continually  changing.  Hence, 
the  lists  should  not  be  considered  final  or  complete. 
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TABLE  2-0.  2-1.  PRODUCT  NOMENCLATURE  USED  BY  MAJOR  TITANIUM  PRODUCERS 


Nominal 
Composition 
%  _ 


Crucible 


Alloy  Designations  According  to 
Ore- 

Harvey  met  RMI 


TMCA 


99.  5Ti 

A- 30 

HA- 1930 

(a) 

RMI- 30 

Ti-  35A 

99.  2Ti 

A-40 

HA-  1940 

(a) 

RMI-40 

Ti-55A 

99.  OTi 

A-  55 

HA-1950 

(a) 

RMI-  50 

Ti-65A 

99.  OTi 

A-  70 

HA-  1970 

(a! 

RMI-  55 

R  Ml-  70 

Ti-75A 

Ti-0,  15  to  0.  2Pd 

A-40Pd 

HA- 1940Pd 

(a) 

RMI- 0.  2Pd 

Ti-  100A 

Ti-0.  15Pd 

Ti-5Al-2.  5Sn 

A- 11  OAT 

HA-5137 

(a) 

RMI-5A1-2.  5Sn 

Ti-5Al-2.  5Sn 

T l-  5A1-2.  5Sn 

A95AT 

HA-5137  ELI 

(a) 

RMI-5A1-2.  5Sn 

Ti-5Al-2. 5Sn 

(low  0) 

Ti-  5A1-  5Sn-  5Zr 

.. 

ELI 

ELI 

Ti-5Al-5Sn-5Zr 

Ti-7Al-12Zr 

-- 

-- 

- 

-- 

Ti-7A1-  12Zr 

Ti-7Al-2Cb-  ITa 

-- 

- 

RMI-7Al-2Cb  -  ITa 

Ti-7Al-2Cb-  ITa 

Ti-6Al-2Cb-  lTa-0.  8Mo 

-- 

-  - 

- 

RMI-6Al-2Cb-  lTa-0.  8Mo 

-- 

Ti-6Al-2Sn-4Zr-2Mo 

-- 

- 

RMI-6Al-2Sn-4Zr-2Mo 

Ti-6Al-2Sn-4Zr-2Mo 

Ti-2.  25A1-  llSr-6Zr- 

-- 

- 

-- 

Ti-679 

IMo-O.  2Si 

Ti-8A1-  1  Mo-  IV 

.. 

HA-8116 

(a) 

RMI-8A1-  IMo-  IV 

Ti-8A1-  IMo-  IV 

Ti-8Mn 

C-110M 

-- 

- 

RMI-8Mn 

Ti-8Mn 

Ti-2Fe-2Cr-2Mo 

-- 

-- 

- 

-- 

Ti-  140A 

Ti-2.  5A1-  !  6V 

-- 

-- 

- 

RMI-  16V-2.  5A1 

Ti-  3A1-2.  5V 

-- 

- 

RMI-3A1-2.  5V 

-- 

Ti-4Al-4Mn 

C-  \  30AM 

HA-4145 

- 

RMI-4Al-4Mn 

-- 

Ti  'tA>-  3Mo-  IV 

-- 

-- 

- 

RMI-4A1-3MO-  IV 

Ti-4A1-  3Mo-  IV 

Ti-4Al-4Mo-4V 

-- 

-- 

- 

-- 

Ti-4Al-4Mo-4V 

Ti-5Al-4FeCr 

-- 

- 

-- 

Ti-5Al-4FeCr 

Ti-5A1-4F  eCrMo 

-- 

- 

-- 

Ti-  155A 

Ti-6A1-4V 

C-  1Z0AV 

HA-6510 

(a) 

RMI-  6A1-4V 

Ti-6A1-4V 

Ti-  6A1-4V 

C-120AV 

HA-6510  ELI 

(a) 

RMI-6A1-4V  ELI 

Ti- 6A1-4V  ELI 

(low  0) 

Ti-6Al-6V-2Sn 

C-125AVT 

HA-6148 

HA-5158 

(a) 

RMI-6Al-6V-2Sn 

Ti-6Al-6V-2.‘>n 

Ti-7Al-4Mo 

C-135AMO 

HA-7146 

(a) 

RMI-7A1-4MO 

Ti-7Al-4Mc 

Ti-  1A1-8V-5F  e 

-- 

-- 

- 

RMI-  lAl-8V-5Fe 

-- 

Ti-3Al-13V-liCr 

B-  120VCA 

-- 

- 

RMI-  13V-  1  lCr-3Al 

Ti-13V-llCr-  3A1 

(a)  Oremet  offers  ingots  and/or  selected  mill  products  of  these  alloys  without  specific  nomenclature. 
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2-1.0  GENERAL  REMARKS 

All  of  the  principal  producers  cast  ingot 
for  subsequent  conversion  to  mill  products. 
Lately,  ether  companies  who  are  now  concerned 
only  with  fabrication  of  titanium  products  have 
acquired  or  have  expressed  interest  in  acquiring 
melting  equipment.  For  example,  a  major  forger 
of  large  titanium  shapes  is  considering  installa¬ 
tion  of  melting  equipment. 


TABLE  2-1.  0.  1.  PRODUCTION  CAPABILITIES  FOR  TITANIUM  INGOT 


Maximum  Ingot  Size 

Typical  Large  Ingot 

Diameter, 

W  eight. 

Diameter, 

Weight , 

Producer 

in. 

lb 

in. 

ib 

Crucible  Steel 

.  32 

9,500 

32 

9,500 

Harvey  Aluminum 

23-27 

4,400 

20 

4,000 

Oremet 

20 

3,500 

20 

3,500 

Reactive  Metals 

36 

15,000 

30 

9,500 

48<a) 

38,000(a> 

TMCA 

32 

11,600 

28-30 

NA 

(44_45){a) 

<17,000- 
25 , 000)  a' 

(a)  Sizes  contemplated. 

TABLE  2-  1.  0-2.  PRODUCER  SOURCES  FOR  SELECTED  TITANIUM- 

ALLOY  INGOTS 

Nominal 

Composition, 


% 

Crucible 

Harvey 

Oremet 

RMI 

TMCA 

Commercially  Pure 

X 

X 

X 

X 

X 

Ti 

Ti-5Al-2.  5Sn 

X 

X 

X 

X 

X 

Ti-8A1-  IMo-  IV 

-- 

X 

X 

X 

X 

Ti-6A1-4V 

X 

X 

X 

X 

X 

Ti-13V-llCr-3Al 

X 

-- 

X 

X 

X 

Ti-2.  25A1-  1  lSn-5Zr- 

-- 

-- 

-- 

-- 

X 

lMo-0.  2S1 

Ti-6Al-2Sn-4Zr-2Mo 

-- 

-- 

-- 

X 

X 

Ti-4Al-3Mo-  1 V 

X 

-- 

X 

X 

The  ingot-producing  capabilities  of  the  live 
principal  metiers  of  titanium  are  given  in  Table 
2-1.  0.  1.  Table  2-1.  0.  2  shows  the  current  availa¬ 
bility  of  selected  titanium  alloy  ingots  among  these 
five  sources. 


2-2  Forgings 
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2-2.0  GENERAL  REMARKS 

Each  of  the  major  titanium  producers  has 
forging  capacity  and  capability  but  does  not  engage 
in  the  forging  business  per  se.  A  producer's 
forging  activities  are  generally  confined  to  ingot 
forging  to  provide  billet  material  for  sale  to  forge 
companies.  Forge  billets  generally  have  a  cross- 
sectional  area  of  16  square  inches  or  more  and  are 
available  in  rounds,  squares,  rectangles,  and 
octagons.  Many  forging  companies  have  extensive 
experience  in  forging  titanium.  Typical  of  these 
and  representing  a  wide  range  of  forging  capacity, 
are  the  companies  listed  below: 

Alcoa,  Cleveland,  Ohio 

Arcturus  Manufacturing  Corporation,  Oxnard, 
California 

Berkeley  Forge  &  Tool  Company,  Berkeley, 
California 

California  Drop  Forge  Company,  Los  Angeles, 
California 

Cameron  Iron  Works,  Houston,  Texas 
Carlton  Forge  Works,  Paramount,  California 
Consolidated  Industries,  Cheshire,  Connecticut 
Coulter  Steel  It  Forge  Company,  Emeryville, 
California 

Kropp  Forge  Company,  Chicago,  Illinois 
Ladish  Company,  Cudahy,  Wisconsin 
Ladish  Pacific,  Los  Angeles,  California 
Ontario  Corporation,  Muncie,  Indiana 
Pacific  Forge,  Incorporated,  Fontana, 
California 

Park  Drop  Forge  Company,  Cleveland,  Ohio 
Precision  Forge  Company,  Santa  Monica, 
California 

Reisner  Metals,  Incorporated,  South  Gate, 
California 

Standard  Steel,  Division  of  BLH,  Burnham, 
Pennsylvania 

Steel  Improvement  and  Forge  Company, 
Cleveland,  Ohio 

Storms  Drop  Forge  Company,  Springfield, 
Massachusetts 

Taylor  Forge  and  Pipe  Works,  Chicago, 

Illinois 

TRW  Incorporated,  Cleveland,  Ohio 
Valley  Forge  Company,  Azusa,  California 
Viking  Forge  It  Steel  Company,  Albany, 
California 

West  Coast  Forge,  Incorporated,  Compton, 
California 

Wyman-Gordon  Company,  Worcester, 
Massachusetts. 

It  should  be  noted  that  other  forging  companies  are 
continually  entering  the  titanium-forging  field  and 
that  this  listing  should  not  be  considered  complete. 

The  largest  forcing  equipment  in  service  at 
present  includes: 


Two  50,000-ton  hydraulic  presses  (Alcoa  and 
Wyman-Gordon) 

One  125,000-meter-kilogram  counterblow 
hammer  (Ladish  Company). 

These  forging  units  are  considered  to  represent 
similar  plan-area  capacity  for  disks  and  structural 
pai-tt  up  to  about  11  feet  in  length.  Because  they 
have  longer  platens,  the  presses  are  capable  of 
forging  slender  forgings  up  to  22  feet  in  length, 
consistent  with  the  maximum  plan  areas  for  the 
alloy  being  fotged. 

The  maximum  plan  areas  that  can  be  forged 
on  the  50,000-ton  presses  are  compared  below  for 
titanium  and  aluminum. f') 

Maximum  Plan  Area 
Design  on  50, COO-Ton 

Type  Press  ,  in.  ^ _ 

A1  Ti  Alloys 

Blocker  5,000  2, 000 

Finish  2,500  1,400 

Flan  areas  of  1200  in.  “  are  now  common  for 
titanium  parts  and  require  almost  full  press  capacity. 
Forged  parts  5  feet  in  diameter  and  weighing  up  to 
1500  pounds  can  be  made  in  production  quantities. 

It  should  be  noted  that  certain  generously  contoured 
parts  as  large  as  4000  in.  ^  could  be  forged  on  this 
largei  equipment,  provided  the  shape  is  somewhat 
symmetrical  and  the  ribs  and  other  projections  are 
fairly  shallow.  The  individual  forging  companies 
are  in  the  best  position  to  determine  the  size 
limitations  on  a  part  basis. 

2-2.  1  CLASSIFICATION  OF  TITANIUM  DIE 
FORGINGS  BY  SHA.PE  AND  DESIGN 
TOLERANCES 

Configurations  of  titanium  forgings  can  be 
classified  broadly  as  follows:  (1)  rib-and-web 
structural  shapes,  (2)  forged  rings,  (3)  disk  shapes. 
Certain  of  these  general  shape®  lend  themselves 
to  higher  degrees  of  dimensional  precision  than  do 
others  during  forging.  It  should  be  pointed  out 
that  there  is  a  problem  of  semantics  in  classifying 
forgings  by  tolerance  groups.  For  example,  one 
forging  company  might  consider  "close-tolerance 
forgings"  as  forgings  that  have  (1)  shallower  than 
normal  draft  angles,  (2)  smaller  than  normal  fillet 
radii,  and  (3)  closer  than  normal  tolerances  for 
die  wear,  shrinkage,  mismatch,  etc.  Another 
forging  company  might  interpret  "close-tolerance 
forgings"  as  "no-draft  forgings"  that  require  only 
a  slight  amount  of  spot  facing  or  drilling  before 
being  placed  into  service.  Both  companies  would 
probably  be  right  in  their  interpretation,  br'  a 
more  definite  line  of  demarcation  between  the 
design  types  is  needed. 


Titanium  forgings  are  classified  into  four  allowances  and  die-closure  tolerances  are  reduced 

distinct  tolerance  groups:  11)  blocker-type  toler-  to  effect  a  weight  saving, 

ances,  (2)  conventional  tolerances,  (3)  close  toler¬ 
ances,  and  14)  precision  tolerances.  Detailed  pro-  Z-Z.  1.  3  Close-Tolerance  Designs 
duction  tolerances  for  forging  titanium  alloys  are 

provided  in  Table  Z-Z.  1-1.  These  data  are  typical  Compared  with  conventional  designs,  close- 

of  industry  capabilities.  ^  Examples  of  the  tolerance  forging  designs  require  greater  dimen- 

types  of  forging  shapes  commonly  produced  and  their  sional  accuracy  and  less  draft.  Dess  machining 
availability  in  the  several  categories  of  dimensional  cleanup  is  allowed  and,  in  some  cases,  localized 
tolerances  is  provided  in  Table  Z-Z.  1-2.  "a^forged"  surfaces  are  specified.  Additional 

tooling  is  usually  required  for  forging,  but  the 
Z-Z.  1.  1  Blocker-Type  Design  parts  are  forged  in  conventional  equipment  and 

conventional  tooling. 

Blocker-tolerance  forgings  are  usually  pro¬ 
duced  from  one  set  of  dies  and  conform  to  the  gen-  Z-Z.  1.  4  Precision-Tolerance  Designs 
eral  shape  of  the  final  part.  Adequate  machining 

stock  is  present  so  that  surface  defects  may  be  Precision  forgings  are  those  that  require  both 

removed.  The  design  usually  allows  for  adequate  special  tooling  and  forging  equipment.  This  type  of 

metal  flow  so  that  the  resulting  metallurgical  pro-  forging  usually  combines  very  close  tolerances  with 

perties  are  comparable  to  those  found  in  forgings  small  fillets  and  radii,  no  draft,  and  little  or  no 

of  conventional  design.  In  blocker-type  designs  ,  machining  allowances.  The  special  equipment  usu- 

very  little  attention  is  paid  to  die  wear,  die  shift,  ally  consists  of  slew-rate  presses  or  specially  de- 

fillet  radii,  draft  angles,  die  closure,  and  other  veloped  impactors.  The  complex  tooling  required 

tolerances  described  by  the  ASM  Committee  on  might  consist  of  split  dies,  segmented  dies,  or 

Forgings.  dies  that  can  be  heated  to  temperatures  approaching 

the  forging  temperature.  Even  preliminary  tooling 

Z-Z.  1.  2  Conventional-Tolerance  Designs  must  have  a  high  degree  of  accuracy  so  that  the  vol¬ 

ume  of  stock  in  the  forging  does  not  vary  from  part 
The  ASM  Committee's  description  of  com-  to  part.  To  achieve  this  accuracy,  complex  addi- 

mercial  tolerances  r.pplies  to  the  conventional  tional  tooling  is  usually  required.  In  titanium  alloys, 

design.  Some  of  the  forging  companies  offer  closer  precision- tolerance  forgings  are  available  only  in 
tolerances  than  these  in  order  to  reduce  metal  limited  size  and  shape,  as  indicated  in  Taole  2-2.  1-2. 

requirements.  In  these  instances,  the  general  It  should  be  noted  that  precision-tolerance  designs 

design  remains  conventional,  but  machining  are  produced  on  a  "best  efforts"  basis  by  only  two  or 

TABLE  2-2.  1-2.  AVAILABILITY  OF  SPECIFIC  TOLERANCES  FOR  EACH  OF 
SEVERAL  FORGING  SHAPES  IN  TITANIUM  ALLOYS'bMa) 

Forgings  classified  oy  dimensional  tolerance 
Blocker- Type 

Forged  Shape  Tolerances 

Disks  A 

Cones  A 

Hemispheres  A 

Cylinders  A 

Blades  A 

Airframe  (fittings)  A 

Airframe  (rib  and  web)  A 

Rings  A 


(a)Code:  A  =  Readily  available 

L  =  Limited  availability 

LS  =  Limited  availability  -  small  parts  only 
U  =  Virtually  unavailable. 


Conventional. 

Tolerances 

Close 

Tolerances 

Precision 

Tolerances 

A 

L 

u 

A 

L 

u 

A 

L 

u 

A 

L 

u 

A 

A 

,  L 

A 

A 

LS 

A 

L 

U 

A 

L 

U 

*r<  — 


TABLE  2-2.  1-1.  GENERAL  FORGING  TOLERANCES  FOR  TITANIUM  ALLOYS^4'  •> 
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Dealgn  Criteria 


Min  Drift  Angle,  deg 
Min  Web  ThJckoea,  in. 
Min  Rib  Width,  in. 

Min  Comer  Radio*,  ia. 
Min  Fillet  R+J  lut.  in. 
Die  Wear,  surface  in. 
Thlcknear  Tolerance,  in. 


Length  and  Width. 

In.  II 

Straightnex  Tolerance, 
Within,  in. 

Machining.Coverige,  in. 


Blocker  foteln 
Madium(c> 


_ Conventional  For g 

Large  Medium 


Clue -Tolerance 

Forging _ 

Medium  Small 


6-7 

5 

6 

6 

6 

3-6 

3-6 

3 

0.76-1.00 

0.62-0.76 

0.62 

0.62-0.76 

0  60-0.82 

0.26-0.38 

0.26-0  31 

0. 20 

0.88-1.25 

0. 76-1.00 

0.62-0.75 

0.62-0.76 

0.60-0.62 

0.31-0.60 

0.26-0.38 

0. 19-0.26 

0.44 

0.38 

0.31-0.38 

0.31 

0.26-0.31 

0.16-0.26 

0. 12-0.18 

0. 12 

1.00-2.00 

1.00-2.00 

0.88-1.60 

1.00-1.60 

0.88-1.00 

0.76-0.88 

0.38 

0.26 

0.26 

0. 1$ 

0.12 

0. 12 

0. 12 

0.09 

0.06 

0.03 

+0.38 

♦9.23 

+0.35 

+0.26 

♦0.12 

♦0.08 

♦0.06 

♦0.04 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.01 

*0.03 

*0.03 

*0.03 

*0.03 

*0.03 

*0.03 

*0.03 

±0.03 

0.25 

0.25 

0.18 

0.18 

0.08 

0.06 

0.03 

0.03 

0.38 

0.31 

0.26 

0.26 

0.12 

0.08 

0.03 

0. 00-0. 03 

Praciiion 
For  fling/1 
Small 


o-l 

0.16 

0.09 

0.06 

0. 12-0. 1# 
0.01-0. 03 


(a)  The  experience  and  capability  with  reaped  to  preclalon-type  forging!  ia  very  limited.  No  parti  are  being  produced  on  a  production  bade  at  preienr. 

■hotrn  are  baaed  or.  available  data  and  are  aim  valuer  conaldered  leaaoniHe  cnee  technique*  are  developed  tor  producing  this  type  product. 

(W  Large:  larger  dim 400  In.2. 

(cj  Medium:  100  to  400  In.2. 

(d)  Snail:  tear  than  100  in.2. 


three  suppliers.  Tolerances  listed  in  Table  2-2.  1-1 
should,  therefore,  be  considered  as  "amis"  and 
negotiated  with  the  suppliers. 

2-2.  1.  5  Rolled  Rings 

Rolled- ring  forgings  from  titanium  are  pro¬ 
duced  in  sizes  up  to  about  S  inches  in  diameter 
w  ..h  lengths  (or  face  heights)  cf  up  to  48  inches,  and 
wail  thicknesses  of  about  3/4  inch.  The  manu¬ 
facturing  limit  on  diameter  and  length  are  260  inches 
and  about  55  inches,  respectively.  For  reasons 
related  to  billet  availability,  the  larger  diameter 
rings  would  have  proportionately  jhorter  lengths  and 
vice  versa. 

Rings  of  smaller  sizes  can  be  rolled  with 
either  inside  or  outside  contours  or  both.  Specially 
contoured  drivt  rolls  or  mandrel  tolls  are  necessary 
to  achieve  the  desired  .ing  contours.  For  this  rea¬ 
son,  contour- rolled  rings  are  suggested  only  when 
the  weight  savings  offset  the  added  tooling  costs 
Forging  vendors  should  be  consulted  for  optimum 
ring  design. 


Most  of  the  forging  producers  listed  in  2-2.  0 
are  capable  oi  forging  ring  shapes.  'he  larger  size 
rings-  namely,  12  inches  or  longer  and  having 
diameters  over  4  feet-  are  produced  by  fewer 
companies.  Among  these  are: 

Cameron  iron  Works,  Houston,  Texas 
Ladish  Company  ,  Cudahy  ,  Wisconsin 
Standard  Steel,  Division  "f  BL.H,  Burnham. 
Pennsylvania 

Viking  Forge  and  Steel  Company,  Albany 
California. 

It  should  be  noted  that  this  list  •  not  complete. 
Since  many  of  the  companies  au  in  the  process 
of  installing  ring- rolling  equipment  of  various 
sizes,  it  is  a  good  practice  to  » iclude  the  othe  -e 
at  an  inquiry  stage. 

There  are  no  kno  n  mduBt ry -accepted  stan¬ 
dards  for  rolled  rings.  Dimens.onal  tolerances, 
finish  allowances,  and  overall  dimensions  are, 
therefore,  the  subject  of  negotiation  between  pur¬ 
chaser  and  vendor. 


'wfjwvinc  i,-ra*»- 


2-3  Flat-Railed  Products(1) 
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2-3.0  GENERAL  REMARKS 

Plate,  sheet,  and  strip  products  constitute 
a  large  share  of  the  current  titani.im  mill-product 
market.  These  flat-rolled  forms  are  available 
in  many  allcv  grades  (some  titanium  alloys  are 
not  produced  .n  flat-rolled  forms)  and  are  avail¬ 
able  from  several  producers. 

2-3.  1  PLATE 


ness  and  flatness  tolerances  of  the  rolled-plate 
currently  produced  are  given  in  Table  2-3.  1-2. 

2-3.  2  SHEET  AND  STRIP 

Fiat- rolled  titanium  mill  products  are 
priced  as  sheet  when  they  are  24  inches  or  great¬ 
er  in  width  and  less  than  0.  1875  inch  in  thickness. 
The  material  is  priced  as  strip  when  it  is  less 
than  24  inches  in  width. 


! 


I 

I 


Plate  is  generally  defined  as  flat-rolled  or 
forged  material  0.  1875  ,nch  or  more  in  thickness, 
over  lO  niches  in  width,  and  having  a  width  great¬ 
er  than  5  timer  its  thickness,  Plate  is  available 
in  unalloyed  and  alloy  titanium  'n  widths  up  to  a 
maximum  of  150  inches  (maximum  produced  to 
date).  Lengths  and  thicknesses  made  to  this  maxi- 
imum  width  depend  on  ingot  or  billet  size  and  upon 
product  yield.  Lengths  up  to  600  inches  and  thick¬ 
nesses  up  to  6  inches  have  been  produced.  While 
some  surface-finishing  problems  remain  to  be 
worked  out,  the  availability  of  titanium-alloy 
plate  appears  to  be  adequate  to  meet  the  demands 
of  aerospace  users. 

The  more  common  alloy  plate  sizes  pro¬ 
duced  to  date  are  listed  below: 


Thickness, 

in. 


0.  1875-0.  249 
0.  250-0.  374 
0.  375-0.  499 
0.  500-0.  749 
0.  750-0.  999 
1.  0  and  up 


Width  x  Length, 
in. 


100  x  420 
110  x  420 
120  x  450 
130  x  480 
140  x  (a) 
i 45  x  (a) 


(a)  Any  practical  length  within  ingot 
Hmitatiois. 


The  availability  of  selected  titanium- alloy 
plate  from  four  producer  sources  (Harvey 
Aluminum  and  Oremet  do  not  make  flat-rolled 
products)  is  shown  in  Table  2-3,  1-1.  The  thick¬ 


Table  2-3.  2-1  shows  the  "ability  to  supply" 
sheet  and  strip  by  the  major  flat- rolled-product 
producers.  Any  of  the  sheet  sizes  that  can  be 
prodiced  in  ceil  can  be  slit  into  strip  of  any  de¬ 
sired  width. 

Table  2-3.  1-  1  lists  current  producer  sources 
for  sheet  and  strip  of  selected  titanium  alloys. 
Forty-eight-inch-wide  sheet  is  available  in  un¬ 
alloyed  titanium  grades  in  thicknesses  down  to 
0.  010  inch.  In  alloy  grades,  some  0.  020-inch- 
thick  sheet  is  produced  in  the  48- inch  widths. 
However,  this  width  is  more  readily  available  in 
the  heavier  gages  of  0.  032  to  0.  187  inch.  Alloy 
sheet  36  inches  wide  is  much  more  common.  In 
this  width,  thicknesses  down  to  0.  016  inch  are 
available  in  selected  alloys  (Ti-5Al-2.  5Sn,  for 
example).  For  some  alloys,  0.  020  to  0.  030-mch 
thickness  would  be  a  more  practical  limit  at  the 
36-inch  width.  Gages  thinner  than  0.  016  inch  in 
alloy  sheet  are  available  in  width?  of  30  inches  and 
less.  The  difficulty  of  producing  wide  sheets  in 
the  thinner  gages  causes  one  of  the  present  restric¬ 
tions  on  rize  availability  of  flat-rolled  mill 
products. 

Strip  of  commercially  pure  grades  is  avail¬ 
able  in  coils  or  cut  lengths  in  the  full  thickness 
range ’from  about  0.  010  inch  up.  In  narrow  widths, 
unalloyed  grades  are  available  to  even  thinner 
gages.  Foil  gages  can  be  supplied  by  reroll 
facilities. 


o 


TABLE  2-3.  1-1.  PRODUCER  SOURCES  FOR  FLAT-ROLLED  PRODUCTS 
OF  SELECTED  TITANIUM  ALLOYS 


Nominal 

Composition, 

Sources  and  Available  Forms!3) 

% 

CarlsonW 

Crucible 

RMI  TMCA 

Commercially  Pure  Ti 

p 

P> S,  8 

P,S,s 

P,S,  s 

Ti-5A1-  2.  5Sn 

— 

p 

P,S,  8 

P,S,  s 

Ti-8A1-  IMo- 1 V 

— 

-- 

P,S 

P,S 

Ti-6A1-4V 

p 

p 

P,S 

P,S 

Ti-6Al-6V-2Sn 

— 

p 

P;S 

P,S 

Ti-13V-UCr-3Al 

-- 

p 

P,S,s 

P,S,s 

Ti-2.  25Al-llSn-5Zr- 
lMo-0.  2Si 

— 

— 

P 

Ti-6Al-2Sn-4Zr-2Mo 

— 

-- 

-- 

P,S 

Ti-4Al-5Mo-lV 

-- 

P t  ® 

P,S,B 

P,S,» 

(a)  P  =  plate,  S  =  sheet,  and  8  =  strip.  Strip  is  in  coils  produced  on  a 


continuous  basis. 

(b)  G.  O.  Carlson  produces  plate  from  ingot  supplied  by  Crucible. 


TABLE  2-3.  1-2.  TYPICAL  THICKNESS  AND  FLATNESS  TOLERANCES 
OF  CURRENT  TITANIUM  PLATE 


Plate 

Thickness, 

in 

Thickness  Tolerance,  in. 

Variation  from  Flat 
Surface,  in. 

Width 

Thickness 

Overage 

Width 

Variation 
in  15  Ft 

0.  1875  to  0.  373 

Max  available 

0.  050 

Up  to  48 

0.  75 

0.  375  to  1.  00 

Max  available 

0.  060 

Up  to  48 

0.50 

48  to  76 

0.  62 

1.  00  to  2.  00 

Max  available 

0,  070 

Up  to  48 

0.  r>  to  0.  2{a) 

48  to  76 

0.  6  to  0.  3<a> 

(a)  Flatness  increases  with  increasing  thickness  and  decreases  with 
increasing  plate  size. 


TABLE  2-3.  2-1.  AVAILABILITY  OF  TITANIUM' 
ALLOY  SHEET  AND  STRIP(a»b> 


Thickness, 

in. 

Maximum 

Width, 

in. 

Maximum 

Length, 

in. 

0.  008-0.  012 

26 

Coil 

0.012-0.016 

30 

Coil 

0.016-0.  020 

36 

Coil 

0.020-0.  032 

44 

Coil 

48 

120-144 

0.  032-0.  060 

44 

Coil 

48 

144 

0.  060-0.  187 

48 

144 

(a)  Unalloyed  grad- 1  are  generally  availabl  .  in 
greater  widths  at  thinner  gages  than  alloy 
grades. 

(b)  Tolerances  for  all  gages  meet  AMS  2242 
specifications . 


2-4  Bar,  Rod,  and  Wire(1) 
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2-4.  0  GENERAL  REMARKS 

Rod  and  bar  are  available  in  rounds, 
squares,  and  rectangles.  Rolled  bar,  which  has 
a  cross-sectional  area  ranging  from  16  square 
inches  down  to  about  1.4  square  inches,  has  a 
length  restriction  because  of  an..ealing-furnace 
limitations.  Lengths  up  to  90  faet  are  possible, 
but  the  usual  lengths  produced  are  16  to  20  feet. 

Round  bars  having  diameters  less  than 
0.  3125  inch  are  priced  as  wire,  with  lengths 
greater  than  30  feet  being  available.  Small- 
diameter  wire  is  usually  available  in  coils  in 
lengths  between  300  and  500  feet.  In  general, 
alloy  wire  in  the  smaller  sizes  is  more  difficult 


to  obtain  than  unalloyed  wire.  Table  2-4.  0-1 
shows  the  availability  of  bar,  rod,  a-  d  wire  from 
the  major  producers  and  conversion  companies. 

Weld  filler  wire  suppliers  include  the 
titanium  producers  (Crucible  Steel  Company, 
Harvey  Aluminum  Company,  and  Titanium  Metals 
Corporation  of  Ameria)  and  three  companies  who 
conve.i  bar  and  wire  to  wire  suitable  for  weld 
filler  material.  These  latter  companies  are 
Armetco  Incorporated,  Wooster,  Ohio,  Astro 
Metallurgical  Company,  Wooster,  Ohio,  and  . 
RtcD  Metals  Corporation,  Kidron,  Ohio  (near 
Wooster).  Table  2-4.  0- 2  presents  some  informa¬ 
tion  on  the  availability  and  sources  of  titanium 
weld-filler  wire  compositions. 


TABLE  2-4.0.  1.  AVAILABLE  TITANIUM  BAR,  ROD,  AND  WIRE 


_ Cross-Sectional  Dimensions,  in. _  Maximum 

Diameter,  Side  Rectangles,  Hexagonal,  Length, 

rounds  Squares  X  by  Y  diagonal  ft 


0.  009  to 
0.  3125<a) 

5/16  to  5/16  to  3/16  to  5/16  to 

4-1/2  4-1/2  3-1/2  by  4-1/2 

1/2  to  10 


300  to  500 

40  to  50  in  smaller 
sizes,  up  to  30 
in  large  sizes; 

16  to  20  is  normal 


(a)  Wire  above  6.  3125  inch  in  diameter  is  priced  as  rod. 


TABijE  2-4.  0-2.  AVAILABILITY  AND  SOURCES  OF  TITANIUM  WELD-FILLER 
WIRE  COMPOSITIONS 


Nominal 

Composition, 

K 

Armetco 

Aatro-Met 

Crucible 

Harvey 

RfeD 

TMCA 

Unalloyed  grades 

X 

X 

X 

X 

X 

X 

Ti-0.  2 Pd 

— 

-- 

— 

— 

— 

X 

Ti-5Al-2.  5Sn 

X 

— 

X 

-- 

-- 

-- 

Ti-5Al-2.  5Sn 

-- 

X 

-- 

-- 

X 

— 

(ELI)(a) 

Ti-7Al-2Cb-  ITa 

-- 

— 

— 

X 

-- 

Ti-8A1-  IMo-  IV 

X 

X 

— 

X 

X 

X 

Ti-6A1~4V 

X 

X 

— 

X 

— 

X 

Ti-6A1-4V  (ELI)(a) 

X 

X 

— 

— 

X 

X 

Ti-6Al-6V-2Sn 

X 

-- 

-- 

-- 

— 

X 

Ti-6Al-6V-2Sn 

-- 

-- 

-  - 

-- 

X 

•  • 

(ELI)0»> 

Ti-7Al-4Mo 

— 

-- 

-- 

— 

-- 

X 

Ti-lAl-8V-5Fe 

X 

-- 

-- 

-- 

-- 

-- 

Ti-  13  V-  1  lCr-3Al 

X 

X 

— 

— 

X 

X 

Ti-  13  V-  1  lCr-3Al 

X 

-- 

-- 

(ELI)(«) 

(a)  Low- oxygen- content  grade. 
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2-5  Extruded  Shapes*1 2 3 4 5* 


2-5:67-1 


The  Ti-6Al-4V  alloy  is  u„ed  in  bet:,  the  an¬ 
nealed  and  "STA”  (solution  treated-and-aged)  co..- 
ditions.  All  other  titanium  alloys  (except  the  Ti- 
13V-llCr-3Al  alloy,  which  also  is  heat  treated)  are 
currently  being  used  in  the  annealed  condition. 


2-5.°  GENERAL  REMARKS 

Extrusions  were  first  used  in  aircraft  en¬ 
gines  with  the  advent  of  the  gas  turbine--mainly 
for  such  parts  as  nonrotating  spacers,  rings,  and 
flanges  of  uniform  and  usually  simple  cross  sec¬ 
tion.  The  extrusions  are  formed  and  flash  welded 
into  circular  shapes  to  produce  these  parts. 

The  use  of  extruded  titanium  structural 
shapes  for  airframe  applications  started  with  the 
XB-70  aircraft.  At  the  present  time,  titanium 
extrusions  are  being  used  extensively  in  three 
operational  military  aircraft,  including  Mc¬ 
Donnell's  F4  Phantom,  North  American's  A5 
Vigilante,  and  a  Mach  3  interceptor.  Titanium- 
alloy  e  .trusions  are  also  being  used  in  the  Douglas 
DC-9  commercial  transport,  and  will  be  uced 
more  extensively  in  the  future  in  both  commercial 
(Douglas  DC-X62,  Boeing  737,  747)  and  military 
aircraft  (F- 111,  C5A). 

In  subsonic  aircraft,  extrusions  are  being 
used  in  critical-load- bearing  applications  such 
as  wing-fuselage  connections,  as  well  as  for  spars 
and  fuselage  bulkhead  sections,  landing-gear-cover 
hinges,  and  a  multitude  of  small  applications  where 
additional  strength  and  stiffness  is  required  over 
what  can  be  obtained  with  high-strength  aluminum 
alloys.  In  supersonic  aircraft  applications,  the 
extensive  use  of  titanium  extrusions  becomes  of 
paramount  importance  in  meeting  the  high- stress, 
elevated-temperature  requirements  of  this  type 
of  aircraft. 

Extruded  shapes  are  currently  supplied  in 
a  surprisingly  wide  variety  of  configurations., 
although  most  of  these  are  basic  angle,  tee,  or 
channel  shapes.  Section  thicknesses  generally 
vary  from  1/8  to  1-1/4  inches  within  circum¬ 
scribing  circles  of  1-1/2  to  11  inches  in  diame¬ 
ter,  Most  shapes,  however,  fit  within  a  3  to  5- 
inch-diameter  circle. 

Extruded  lengths  supplied  currently  vary 
fsom  20  to  75  feet,  with  annealed  material.  For 
alloys  in  the  solution-treated-and-aged  condition, 
lengths  up  to  40  feet  can  be  supplied.  Longer 
lengths  will  be  desired  once  heat-treating  facili¬ 
ties  become  available. 

Listed  below  are  the  major  alloys  currently 
being  used  as  extruded  shapes  in  aircraft  appli¬ 
cations,  in  the  approximate  order  of  decreasing 
usage: 

Titanium 

(1)  Ti-6Al-4v 

(2)  Ti-6A1- 6V-2Sn 

(3)  T1-5A1-2.  5Sn 

(4)  T1-8A1-  IMo-  IV 

(5)  Ti-nV-llCr-3Al. 


Airframe  manufacturers  require  extruded  ti¬ 
tanium  structural  shapes  of  a  quality  comparable  to 
aluminum  extrusions  with  regard  to  surface  and  di¬ 
mensional  tolerance  specifications.  In  the  present 
state  of  development,  as-extruded  titanium  alloys  are 
not  of  requisite  quality  for  direct  use  in  airframe 
applications  because  of  surface  contamination  and/or 
surface  roughness.  As  a  result,  all  titanium  ex¬ 
trusions  are  used  in  the  machined  condition. 

Finish  section  thicknesses  currently  being 
used  vary  from  0.  060  to  0.  125  inch.  The  amount 
of  machining  envelope  required  on  an  extruded  shape 
varies  with  the  application,  part  design,  etc.  Extra 
envelope  may  be  used  to  provide  for  various  part 
configurations.  Minimum  envelope  requirements 
vary  with  each  company.  Some  vull  allow  as  little 
as  0.020  inch  excess  per  side,  while  others  require 
1 /8-lnch  excess  per  surface,  regardless  of  part 
design  or  application. 

The  development  of  extrusion  techniques  for 
producing  thin- sect  Ion  titanium  alloys  to  aluminum 
airframe  specifications  ha3  made  some  headway. 
Extrusion  studies'”'  have  demonstrated  the  ability 
to  produce  a  tee  section  to  desired  specifications  by 
combining  extrusion  and  warm  drawing.  Alloys 
investigated  were  Ti-6A1-4V,  Ti-7Al-4Mo,  and  Ti- 
4A1-3MO-1V. 

Extrusions  in  the  initial  study  having  a  3/32- 
inch  section  thickness  were  warm  drawn  in  20-foot 
lengths  to  0.  080-inch  thickness.  Thickness  toler¬ 
ances  of  ±0.  005  inch  were  met.  Flange  and  leg  length 
tolerances  of  ±0.  005  inch  could  be  met  only  by  edge 
maching.  Straightness  requirements  of  0.010- 
inch  per  foot  of  length;  1/2  degree  per  foot,  3  degrees 
maximum  twist;  and  ±1/2  degree  angle,  were  all 
realized.  Surface  finish  of  the  drawn  sections  was 
80  microinch,  under  the  100-microinch  target 
specifications. 

Subsequent  studies  along  these  same  lines 
were  made  on  the  Ti-13V-llCr-3Al  alloy.  Eight 
full-length  (15  to  20  foot)  extrusions  were  made  in 
l/8-inch,  3/32-inch,  and  1/16-inch  cross-section 
thicknesses  (extrusion  ratios  of  30,  50,  and  80:i). 
Severe  die  wash  was  encountered,  and  the  alloy  was 
sensitive  to  attack  by  the  glass  lubricants  used  on 
other  titanium  alloys.  Thus,  additional  research  re¬ 
mains  to  develop  optimum  extrusion  techniques  for 
this  alloy. 

Recent  work^®^  has  further  developed  extrusion 
techniques  on  TI-6A1-4V  and  Ti-8A1- IMo-  IV  alloy 
extruded  shapes  to  produce  1/ 16-inch- thick  sections 
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TABLE  2-5. 0-1.  TYPICAL  MANUFACTURING  LIMITS  AND  TOLERANCES  FOR  TITANIUM  EXTRUSIONS 


Manufacturing  LtroiH 


Slse  Limitation* 


Dimensional  Llmltatlona 


(a)  Clrcumscrlblng-cirde  diameter: 

the  diameter  of  the  emalleat  circle 
that  will  completely  encloee  the 
croee  eectlon  of  the  shape  - 
2  Inch  minimum,  21  inch 
maximum 

(b)  Croee-eectional  area  -  0.  12$ 

•qua re  inch,  minimum 

(c)  Length  -  7$  ft  (annealed) 

40  ft  (STA  condition) 


(a)  Section  thickness  -  0,  090  inch  minimum, 

0. 2S0  inch  typical 

(b)  Corner  radii  -  0. 020  inch  minimum, 

0, 0(0  inch  typical 


Corner 


(c)  Fillet  radii  -  0. 125  inch  minimum, 

0,  250  inch  typical 


ruiet 


Tolerance! 


Croee -Sectional  Tolerance! _  Longitudinal  Tolerancee 


(a)  Dimension!,  specified  length  or 
thickness  up  to 


Annealed 

STA 

Condition 

Condition 

1  inch 

40.020 

40.030 

1-2  inches 

*0. 020 / 
0.030 

40.040 

2-3  inches 

40. 030/ 

0.  040 

40.040 

3-4  inches 

40.040/ 

0.060 

40.060 

(b)  Corner  and  fillet  radii 


Maximum  allowable 
B  in  inches  * 

(b)  Twist 


0, 025  inch  in  1  foot 
0. 125  Inch  in  5  feet 


I  ^Corner  *0. 075  Inch 

L3^*riUet  A0. 062  Inch 


Marl  mum  allowable 
T  in  degrees: 

1*  per  foot  of  L: 

5*  maximum 


Design  Properties 


(a)  Tongue  ratio 


'&  should  be  equal  to  or  greater 
than  D,  «T/D>1 

(b)  Leg  length- to-  tbicknes  e  ratio 


L  should  not  exceed  14  T,  L/T<  14 


Surface  Finish 


(a)  Roughness: 

Maximum  roughness  «  250  rms 
(This  value  ie  used  as  a  guide 
only  since  rms  standards  are 
established  primarily  for  machined 
surfaces  and  may  not  be  directly 
applicable  in  all  respects  to 
extruded  surfaces. ) 

(b)  Local  defects: 

Local  defects,  such  as  gouges, 
dents,  handling  marks  and 
linslaps ,  may  extend  a  maximum 
of  0.  015  inch  below  the  minimum 
dimensional  tolerance. 


(c)  Angles 


V 

^  Angle  *2  degrees 

i 


(c)  Length: 

Tolerance  in  cutting  length  *  +1/4  inch, 

-0. 00  inch 


(d)  Transverse  flatness 

Allowable, 
D  flat: 

D  *  0. 010 

0.010 


D  from 

x  W  (inches), 
inch  minimum 


wap 


! 

t 


7 ’~7 

jaz  *  7va.-  »• 


Vi- 


Ur 
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having  thickness  tolerances  of  ±0.005  inch,  with 
surface  f.mshes  of  50  to  150  microinches.  This 
study  is  still  underv  ly. 

To  date,  no  thin- section  titanium- alloy  ex¬ 
trusions  have  been  produced  on  a  commercial 
basis.  However,  H.  M.  Harper  Company  has 
recently  announced  the  availability  of  0.090- inch- 
thick  Ti-6A1-4V  extruded  shapes  that  meet  com¬ 
mercial  tolerances.  The  eventual  commercial 
production  of  thin- section  shapes  may  be  realized 
by  the  combination  of  extrusion  and  warm  drawing. 
H.  M.  Harper  is  now  working  in  this  direction. 

At  present,  however,  titanium  extrusions  for  air¬ 
craft  applications  require  complete  surface 
machining  in  order  to  meet  the  required  toler¬ 
ances. 

A  current  program^)  on  the  production  of 
integrally  stiffened  extruded  panels  of  Ti-6A1-4V 
and  Ti-6Al-6V-2Sn  alloys  has  met  with  initial 
success  in  early  trials  using  the  12,000-ton  press 
at  Curtiss- Wright.  A  four-ribbed  panel,  16  inches 
wide  with  0.4-inch-thick  stiffeners,  represents 
the  current  target  shape,  although  it  is  expected 
that  panels  28  inches  wide  by  65  feet  in  length  will 
eventually  be  produced.  In  the  first  trials,  good 
die  fill  was  obtained  and  extrusions  were  quite 
straight.  This  program  shows  considerable  pro¬ 
mise  in  the  production  of  stiffened  titanium  panels. 


Table  2- 5.  0-1  contains  typical  standard 
manufacturing  limits  and  tolerances  for  titanium 
extrusions. 

A  list  of  current  extrusion  press  capabilities 
for  titanium  is  presented  in  Table  2-5.  0-2.  Har¬ 
vey  Aluminum,  TMCA  (Allegheny- Ludlum) ,  H.  M. 
Harper,  and  Curtiss- Wright  are  currently  suppiy- 
in;  titanium  extrusions  to  the  aircraft  industry. 
Reactive  Metals  is  now  modifying  their  equipment 
at  Ashtabula,  Ohio  (including  a  3,850-ton  ex¬ 
trusion  press)  for  the  future  production  of  titanium 
extrusion.  TMCA  is  planning  to  install  a  new  ex¬ 
trusion  press  in  their  Toronto,  Ohio,  plant. 

Canton  Drop  Forge  and  Babcock  and  Wilcox 
are  included  in  this  list  because  their  extrusion 
facilities  are  amenable  to  titanium  extrusion  pro¬ 
duction.  Neither  are  active  in  this  area,  however, 
at  the  present  time. 

As  a  substitute  for  an  extruded  shape,  a 
rolled  shape  might  be  considered.  However,  the 
use  of  rolled  shapes  would  only  become  practical 
if  sufficient  quantities  of  a  given  shape  are  re¬ 
quired.  The  high  cost  of  tooling  for  this  type  of 
forming  operation  precludes  anything  except  high- 
production  items. 


TABLE  2-5.  0-2.  EXTRUSION  PRESS  CAPABILITIES  FOR  TITANIUM 


Company  and  Location 


Extrusion 

Press  Liner 

Capacity,  Diameter, 
tons  inches 


Max 

Max  Circurn-  Min  Extruded 

Billet  scribing  Cross  Length, 

Length,  Circle,  Sectional  Capability , 
inches  inches  Area,  in.  feet _ 


Curtiss- Wright  Corporation 
Buffalo,  New  York 
Harvey  Aluminum  Company 
Torrance,  California 


H.  M.  Harper  Company 
Morton, Grove,  Illinois 


TMCA  (Allegheny- Ludlum 
Steel  Corporation) 

Waterviiet,  New  York 
Babcock  it  Wilcox  Company 
weaver  Falls,  Pennsylvania 
Canton  Drop  Forging  it  Mfg.  Co.  , 
Canton,  Ohio^ 


12,000 

8  to  28 

66 

3,850 

6  to  13 

36 

12,000<a) (b) 

Up  to  27 

44< 

1,900 

'5.  1  to  6-3/4 

27 

1,200 

3.  3  to  5.  1 

20 

2,200 

4  to  8 

26 

2,500 

4  to  8-1/2 

28 

5,500 

7-1/2  to  19 

44 

21-1/2 

5 

75  annealed 
40  STA 

11 

1.0 

60  annealed 
30  STA 

21 

n.a.<c) (d) 

60  annealed 
30  STA 

5-3/8 

0.  5 

60  annealed 
30  STA 

4-3/8 

0.  125 

60  annealed 
30  STA 

5-1/4 

0.  5 

n.  a. 

6-1/2 

n.  a. 

n.  a. 

12 

n.  a. 

n.  a. 

(a)  Available  on  special  inquiry  only. 

(b)  Based  on  ingot-casting  capabilities. 

(c)  Not  available. 

(d)  Has  equipment  capabilities  but  is  not  now  active  in  supplying  titanium  extrusions. 


2-6  Tubing*11 
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2-6.0  GENERAL  REMARKS 

Hollow  tube  billets  are  available  from  the 
extrusion  suppliers  listed  in  Section  2-5.  These 
blanks  are  ho:  extruded  to  produce  tuba  blanks  for 
subsequent  sizing  to  finish  tube  either  by  drawing 
or  tube  reducing  techniques.  Seamless -tube 
suppliers  include: 

Cameron  Iron  Works..  Houston,  Texas 

J.  Bishop  tt  Company,  Malvern, 

Pennsylvania 

Harvey  Aluminum  Company,  Torrance, 
California 

LeFiell  Manufacturing  Company, 

Santa  Fe  Springs,  California 

Reactive  Metals,  Inc.  ,  Niles,  Ohio 

Superior  Tube  Company,  Norristown, 
Pennsylvania 

Wall  Tube  fc  Metal  Products  Company, 
Newport,  Tennessee 

Whittaker  Corporation,  San  Diego, 

California 

Whittaker  Corporation,  Nuclear  Metals 
Division,  West  Concord,  Massachusetts 

Wolverine  Tube  Division,  Calumet  and 
Hecla,  Inc.  ,  Allen  Park,  Michigan. 

Good-quality  seamless  tubing  of  commer¬ 
cially  pure  (unalloyed)  grades  is  readily  available 
in  outside  diameters  from  0.  0625  to  2.  5  inches 
(larger  tubes  in  unalloyed  titanium  are  usually 
made  by  roll  and  weld  techniques,  although  Harvey 
supplies  seamless  tube  up  to  5  inches  OD; 

Cameron  supplies  heavy-wall  tubing  from  8  to  36 
inches  OD).  Diameters  of  0.  75  and  1.  00  inch  with 
wall  thicknesses  ranging  from  0,  030  to  0.  050  inch, 
are  most  popular.  Wall  thicknesses  as  low  as 
C.  004  inch  are  available,  however.  Most  of  the 
unalloyed  tubing  to  date  has  been  utilized  by  the 
chemical  processing  industry  for  anticorrosion 
applications.  However,  aircraft  applications  are 
indicated  in  the  near  future,  particularly  for  cold- 
worked  material  in  hydraulic  tubing  requirements. 

In  alU  vn.ium,  seamless  tubing  ip  becom¬ 
ing  available  ...  a  commercial  product  in  Ti-6A1- 
4V  and  Ti-3A1-2.5V  alloys.  Wolverine  was  first 
in  producing  small-diameter  Ti-6Al-4V  alloy 
seamless  tubing  on  a  development  basis.  At 
present,  tube  sizes  of  0,  750-inch  diameter  by 
0.  035-inch  wall,  up  to  1.  5-inch  diameter  by  0.  100- 


inch  wall,  are  being  produced  by  Wolverine  on  a 
commercial  basis.  Only  developmental  material 
is  available  on  mat-irial  less  than  0.  750- inch 
diameter  by  0.  020-0.  100- inch  wall  and  greater  than 
1.  500- inch  diameter  by  0.  035-0.  100-inch  wall. 
Some  large  Ti-6A1-4V  alloy  tubing  (3  to  3.  25- inch 
diameter  by  0.  125-inch  wall)  was  supplied  for  the 
Apollo  program  by  Harvey  and  Superior.  Curtiss- 
Wright  has  supplied  5  to  14-inch  OD  Ti-6A1-4V 
and  Ti-6Al-6V-2Sn  alloy  tubing  for  various  mili¬ 
tary  programs. 

J.  Bishop  U  Company,  Reactive  Metals,  and 
Superior  Tube  are  known  suppliers  of  Ti-3Al-2.  5V 
alloy  tubing  on  a  commercial  basis.  J.  Eishop  it 
Company  produces  tube  diameters  up  to  1-1  4 
inch,  with  v/all  thicknesses  up  to  0.  083  inch. 
Reactive  Metals  can  produce  the  grade  in  tubes  aB 
6mall  as  0.  50-inch  diameter.  Superior  supplies 
this  material  in  the  6ame  sizes  available  for  un¬ 
alloyed  titanium  tubing  --  from  0.  0625-inch  OD  by 
0.  004  to  0.  015-inch  wall  thickness  to  1.  125-inch 
OD  by  0.  020  to  0.  035-inch  wall  thickness. 

TMCA  is  a  large  producer  of  rolled  and 
welded  tubing.  Seamless  tubing  is  produced,  too, 
although  the  indications  are  that  TMCA  will  go  the 
roll-and-weld  route  .n  alloy  tubing.  For  this 
application,  TMCA  is  researching  the  Ti-4A1- 
0.  ?,50  alloy  which  can  be  texture  hardened  to  have 
a  large  biaxially  stressed- strength  advantage.  The 
welds  in  this  material  appear  to  have  the  same 
pole  figure  configurations  as  the  base  material. 

Other  suppliers  of  welded  tube  are: 

J.  Bishop  &  Company,  Malvern, 

Pennsylvania 

Carpenter  Steel  Company,  El  Cajon, 

California 

Valley  Metal  Corporation,  El  Cajon, 
California 

Western  Pneumatic  Tube  Company, 

Kirkland,  California. 

These  companies  supply  both  unalloyed  and  alloy 
tubing  in  sizes  ranging  from  1  to  10  inches  OD  by 
0.  012  to  0.  168  inch  wall  thickness.  Alloys  include 
Ti-6A1-4V,  Ti-5A1U2.  5Sn,  Ti-13V-llCr-3Al, 
Ti-8A1-  IMo-  IV,  'and  Ti-5Al-5Sn-5Zr. 


2-7  Castings (1) 
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2-7.0  GENERAL  REMARKS 

Two  types  of  titanium  castings  arc  available. 
These  differ  according  to  the  type  of  molding  pro¬ 
cess  used  but  may  be  classified  broadly  into  either 
rammed  molded  or  precision  molded  and  cast  pro¬ 
ducts. 


Techniques  for  rammed  mold  casting  were 
the  first  to  be  developed  for  titanium,  and  these 
have  been  produced  and  used  for  a  number  of 
years.  The  principle  application  for  these  has 
been  in  the  chemical  processing  industry  (e.  g.  , 
impellers,  pumps,  and  valves)  although  rammed 
mold  castings  have  also  found  use  in  hydrofoil 
and  gunboat  propeller  Wades  and  in  aircraft  gas 
turbine  starter  engines  as  impellers,  inducers, 
housings,  and  mounting  flanges. 

The  precision  casting  of  titanium  is  a  rela¬ 
tively  new  development.  Such  castings  are,  how¬ 
ever,  already  finding  their  way  into  aircraft- 
production  applications,  mainly  in  aircraft  gas- 
turbine- engine  components,  but  also  in  airframe 
compcnents  ab  well. 


The  principal  titanium- casting  suppliers  are: 


Rammed  Mold  Castings  Precision  Castings 


Oregon  Metallurgical  Corp.  , 
Albany,  Oregon 


Misco  Div.  ,  How- 
met  Corp.  ,  White¬ 
hall,  Michigan 


Mitron  Research  &  Develop¬ 
ment  Corp.  Waltham, 
Mass. 


Precision  Castparts 
Corp.  ,  Portland, 
Oregon 


REM,  Inc.  ,(a)  Al¬ 
bany,  Oregon 


(aj  Production  castings  available  by  the  end  of 

1967. 

Irrespective  of  the  type  of  mold  u-ed,  essen¬ 
tially  the  same  melting  process  is  currently  used 
to  produce  castings.  This  is  the  "skull  melting" 
process,  which  utilises  a  vacuum  atmosphere 
and  a  consumable  electrode  as  the  charge  com¬ 
position.  The  latter  is  melted  into  a  water  or 
Na-K-cooled  copper  crucible  to  obtain  a  super¬ 
heated  melt,  which  is  then  immediately  poured. 
Approximately  one-quarter  of  the  melt  is  retained 
as  a  "skull",  lining  the  interior  walls  of  the 
cooled,  copper  crucible. 

A  tentative  ASTM  specification  (B367-61T) 
has  been  developed  for  castings  of  unalloyed  ti¬ 
tanium  and  the  Ti-5Al-2.  5Sn  and  Ti-6Al-4V 
grades.  This  specification,  however,  is  not 


restrictive  as  to  the  type  of  manufacturing  methods 
used  to  prepare  the  moldb  for  castings. 

2-7.1  RAMMED  MOJLD  CASTINGS 


Rammed  mold  castings  have  the  main  ad¬ 
vantages  of  lower  cost  and  (currently)  availability 
in  a  larger  size  range  than  precision  castings. 

The  rammed  mold,  however,  carries  the  necessity 
for  a  parting  line  and  is,  accordingly,  more  limit¬ 
ed  in  as-cast  dimensional  tolerances.  The  stan¬ 
dard  dimensional  tolerances  presently  offered  arc 
±0.020  inch  to  3  inches  plus  0.005  inch  for  each 
additional  inch  across  the  parting  line.  The  mini¬ 
mum  thickness  is  considered  to  be  0.  200  inch. 

The  present  maximum  casting  weight  'avail 
aLle  from  the  Oregon  Metallurgical  Corporation) 
is  approximately  300  pounds.  The  maximum  over¬ 
all  casting  dimensions  are  5  feet  in  length,  3  feet 
in  width,  and  2  feet  in  height.  Maximum  poured 
weight,  including  gates,  risers,  etc.  ,  is  about 
600  pounds. 

Graphite  is  the  principal  ingredient  in  cur¬ 
rent  rammed  molds,  and  some  surface  reaction 
of  the  titanium  normally  occurs  at  the  mold- metal 
interface,  especially  where  a  mass  of  titanium 
surrounds  protruding  thinner  sections  of  graphite, 
as  in  cored  parts,  fillets,  end  curves.  This  ten¬ 
dency  toward  a  contaminated  surface  in  rammed 
graphite  mold  castings  necessitates  the  allowance 
of  at  least  5  to  10  mils  of  extra  material  lor  re¬ 
moval  by  machining  in  critical  applications.  For 
certain  applications,  the  degree  of  surface  con¬ 
tamination  is  not  critical  and  the  castings  are  used 
after  normal  clean-up  by  grit  blasting.  Such  a 
standard  surface  finish  is  equivalent  to  a  smooth, 
sand  casting  finish. 

Table  2-7.  1-1  lists  the  nominal  compositions 
and  minimum  specified  tensile  properties  for  un¬ 
alloyed  titanium  and  six  titanium  alloys,  which  are 
available  from  the  Oregon  Metallurg' eal  Corpor¬ 
ation  in  rammed  mold  castings. 

2-7.2  PRECISION  CASTINGS 

The  main  advantages  of  precision- cast  ti¬ 
tanium  parts  include  close  dime'nsional  control 
surface  smoothness,  and  virtual  freedom  iron:  sur¬ 
face  contamination.  Dimensional  toler:  ces  can 
bi  held  to  within  ±0.  005  in.  /in.  with  surface  finish¬ 
es  ranging  from  90  to  125  RMS.  Minimum  section 
thicknesses  down  to  about  0.  060  inch  arc  possible, 
depending  on  part  configuration.  Precision  cast¬ 
ings  containing  section  thicknesses  up  to  about  8 
inches  have  been  produced. 

Currently,  precision  castings  are  available 
from  Misco  in  sizes  up  to  24  inches  in  diameter 


and  24  inches  in  height,  having  a  poured  weight  to 
about  200  pounds.  REM,  Inc,  ,  has  been  limited 
to  castings  totaling  about  5  pounds  in  '"eight  but, 
by  the  end  of  1967,  intends  to  complex  installation 
of  a  furnace  capable  of  producing  castings  totaling 
up  to  400  pounds  in  weigh*.. 

The  mold  materials  and  molding  processes 
used  in  making  precision  castings  are  largely  pro¬ 
prietary  and  apparently  vary  among  the  different 
producers. 

Table  2-7.  1-1  lists  the  nominal  compositions 
and  minimum  specified  tensile  properties  for  un¬ 


alloyed  titanium  and  two  titanium  alloys  which  are 
available  from  Mi&co  in  precision  castings. 

Misco  has  also  prepared  experimental  precision 
castings  of  the  Ti-6Al-2Sn-4Zr-2Mo  and  Ti-6A1- 
6V-2Sn  alloys.  In  addition  to  the  material  speci¬ 
fications  cited  in  Table  2-7.  1-1,  Misco  has  also 
developed  three  tentative  specifications  covering 
visual,  radiographic,  and  uorescent  penetrant 
inspection  processes  for  precision  titanium  cast¬ 
ings.  These  are  identified  as  VIS-RMD-100, 
RAD-RMD-200,  and  ZYL-RMP-300,  respectively 


TABLE  2-7.  1-1.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  TITANIUM  CASTINGS*3* 


Nominal 

Composition, 

percent 

Ultimate 

Strength, 

ksi 

Yield 
Strength 
(0.  2  Percent 
,  Offset), 
ksi 

Elongation, 
percent  in 
4D 

Reduction 
in  Area, 
percent 

Pertinent 

Spe  cifications 

Rammed  Mold  Castings 

Commercially  Pure  Ti 

65-105 

55-95 

12 

-- 

OMC- 105 

Ti-0.  15Pd 

65-105 

55-95 

12 

— 

OMC- 103 

Ti-2Cu 

75 

60 

12 

20 

OMC- 168 

Ti-5Al-2.  5Sn 

115 

105 

10 

-- 

OMC-  166A 

T1-6A1-4V 

137 

120 

6 

10 

OMC-164B 

Ti-4Al-4Sn-8Zr-  2V 

150 

130 

6 

10 

OMC-167TA 

Ti-4Al-4Sn-8Zr- 1 V- 1  Cr 

150 

130 

6 

10 

OMC-167T 

Precision  Castings 

Commercially  Pure  Ti 

80 

70 

15 

30 

MET-RMD-2 

Ti-5A1~2.  5Sn 

115 

110 

10 

20 

MET-RMD-3 

Ti-6A1-4V 

130 

120 

6 

12 

MET-RMD- 3 

130*c> 

120(c) 

8(c) 

16(c) 

(a)  Unless  a  range  is  shown,  values  represent  minimum  properties  determined  either  on 


separately  cast  test  b;  a  or  on  samples  machined  from  castings. 

(b)  OMC  sequence  represents  Oregon  Metallurgical  Corporation  specifications, while  MET-RMD 
sequence  represents  tentative  Misco  material  specifications. 

(c)  Annealed  after  casting. 
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2-8  Fasteners*’* 


2-8.  0  GENERAL  REMARKS 

Fasteners  are  more  properly  classified  as  a 
finished  product  rather  than  as  a  mill  product, 
Titanium  fasteners  are  made  from  wire  and  rod  in 
diameters  ranging  from  0.  150  inch  to  greater  than 
1.  0  inch.  The  largest  use  of  such  fasteners  falls 
within  the  range  of  0,  25  to  0.  50  inch  diameters. 
Because  of  seizing  and  galling  problems  and  be¬ 
cause  nuts  do  not  constitute  much  of  the  fastener 
weight  (15  percent  usually),  nuts  are  often  fabri¬ 
cated  from  some  other  material  (A- 286  steel  is 
common).  In  general,  the  cost  of  titanium  nuts 
has  been  too  high,  in  comparison  to  bolts,  for  the 
weight  saved  to  make  their  use  attractive. 

It  has  been  estimated  that  the  current  market 
for  titanium  fasteners  is  roughly  around  200,000 
pounds  per  year.  A  large  percentage  of  this  output 
is  in  Ti-6A1-4V  alloy  although  fasteners  are  being 
produced  in  at  least  nine  other  alloys.  The  major 
fieid  of  use  is  in  engines  and  air  frames  for 
manned  aircraft  w»th  usage  in  missiles  and  space 
vehicles  being  quite  limited.  Titanium  fasteners 
are  generally  limited  to  shear-type  fasteners  since 
in  shear  titanium  maintains  a  strength-weight  ad¬ 
vantage  over  steel  while  in  tension  the  same  ad¬ 
vantage  is  not  always  found. 

A  number  cf  fastener  companies  were  re¬ 
cently  jurveyed  pertaining  to  their  1967  status  of 
titanium  fastener  development.  The  following  13 


companies  responded  and  indicated  their  capabil¬ 
ities  in  providing  fasteners  of  the  alloys  and  types 
listed  in  Table  2-8.  0-1. 

(1)  Air  Industries  of  California, 

Gardenia,  California 

(2)  Briles  Manufacturing,  El  Segundo, 
California 

(3)  Deutsch  Fastener  Corporation, 

Los  Angeles,  California 

(4)  Elastic  Stop  Nut  Corporation  of 
America,  Union,  New  Jersey 

(5)  H.  M.  Harper  Company,  Morton 
Grove,  Illinois 

(6)  Hi-Shear  Corporation,  Torrance, 
California 

(7)  Huck  Manufacturing  Company, 

Detroit,  Michigan 

(8)  Kaynar  Manufacturing  Company, 
Fullerton,  California 

(9)  Missilecraft  Company,  Beverly  Hills, 
California 

(10)  National  Screw  and  Manufacturing 
Company 

California  Division,  Los  Angeles, 
California 

Chandler  Products  Division, 
Cleveland,  Ohio 

Rational  Division,  Cleveland,  Ohio 

(11)  Rosan,  Inc.,  Newport  Beach,  California 

(12)  Townsend  Company,  Cherry  Rivet 
Division,  Santa  Ana,  California 

(13)  Valley  Bolt  Corporation,  Sylmar, 
California, 


TABLE  2-b.  0,  1.  TITANIUM  FASTENER  AVAILABILITY 


Data  selected  from  results  obtained  during  a  19C7  survey. 


Nominal 

Composition, 

% 

Status  snd  Source**)  of  Fastener  Types  Indicated 

Bolts 

Nuts 

Rivets 

Screws 

Pin* 

C 

Collars 

Studs 

C 

Inserts 

C 

D 

C 

D 

C 

D 

C  D 

C 

C 

Commercially 

_  _ 

... 

.. 

— 

.. 

.. 

.. 

7 

— 

— 

pure  Ti 

Ti-7Al-12Zr 

«- 

9 

— 

— 

— 

•* 

.. 

•* 

.. 

«se» 

Ti-8Al-lMo-lV 

7 

— 

... 

— 

-- 

— 

— 

.. 

.. 

.. 

.. 

TI-3A1-2. 5  V 

-- 

— 

— 

— 

— 

12 

— 

— 

7 

.. 

.. 

Ti-4Al-4Mn 

2,5,9 

— 

5 

— 

— 

— 

« 

« 

O' 

— 

9 

.. 

Tl-4Al-4Mo-4V 

6 

-- 

6 

— 

6 

— 

— 

6 

— 

— 

Ti-6A!-4V 

1,2,5, 6, 

-- 

4,5,6 

8,11 

6,10 

t 

1,3,11, 

5,9,10,  3 

6 

— 

9,n 

11 

7,9,10, 

13 

12 

11 

11,13 

Tl-6AI-6V-22n 

6 

2 

6 

— 

6 

— 

.. 

6 

-- 

— 

Ti-lAl-8V-5Fe 

7 

2,9 

— 

— 

.. 

— 

— 

— 

— 

.. 

Tl-lAl-8Mo-5Fe 

-- 

3! 

... 

-• 

— 

— 

11 

— 

— 

w. 

Tl-13V-llCr-3Al 

7 

— ' 

— 

— 

— 

12 

_ L. 

.. 

mm 

.. 

_ i _ minwi . ■■■n.m  ■  HIT  •  i  . . . . . .  ■  . . . 

(a)  C  *  commercial  statue;  D  =  developmental  status.  Companies  are  coded  by  the  number  designation*  given  above. 
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3-0  General  Machining  Considerations 


3-0.0  INTRODUCTION 

Fifteen  years  ago,  titanium  had  the  reputa¬ 
tion  of  being  very  difficult  to  machine  compared 
to  common  constructional  materials.  However, 
Government  and  private  research,  continuing 
experience,  and  the  combined  use  of  the  informa¬ 
tion  generated  have  progressively  improved  this 
situation.  As  various  companies  using  titanium 
alloys  gain  experience,  there  is  a  eteady  improve¬ 
ment  in  rates  of  metal  removal.  This  increase  is 
caused  partly  by  increased  uniformity  in  the  alloy, 
partly  by  strict  attention  to  the  machining  con¬ 
ditions  required  for  titanium,  and  by  gradual  re¬ 
finements,  in  tool  materials,  tool  geometries,  and 
cutting  fluids. 

Today,  tools  and  techniques  are  available 
for  machining  titanium  efficiently.  In  fact,  some 
machining  operations  give  more  consistent  re¬ 
sults  on  titanium  than  they  do  on  some  grades  of 
steel.  A  bonus  factor  is  the  ease  of  attaining 
good  surface  finishes.  Roughness  values  as  low 
as  20  to  30  micrcinches  can  be  obtained  on  some 
titanium  parts  without  too  much  trouble. 

3-0.  1  MACHINING  TITANIUM 

3-0.  1.  1  Machinability  Factors 

The  relative  ease  of  metal  removal  for 
equal  tool  lives  can  be  expressed  in  terms  of  the 
machinability  ratings  of  different  metals.  In  this 
light,  the  machinability  of  unalloyed  titanium  is 
similar  to  that  of  the  annealed  austenitic  stainless 
steels,  while  titanium  alloys  are  more  comparable 
to  I/4-hard  and  1/2-hard  stainless  steels  0»2) 
This  comparison  is  also  justifiable  from  another 
viewpoint,  i.  e.  ,  that  both  materials  produce  a 
tough,  stringy  chip.  Actually,  however,  austenitic 
stainless  steel  usually  requires  heavier  feeds  to 
penetrate  below  a  heavily  strain-hardened  skin, 
whereas  titanium,  a  material  that  does  not  strain 
harden  as  severely,  does  not  necessarily  require 
heavy  feeds.  Table  3-0.  1.  1-1  shows  the  ap¬ 
proximate  machinability  ratings  of  titanium  alloys 
stainless  steel,  and  other  alloys  of  interest  to  the 
aerospace  industry.  (3) 

Generally  speaking,  machining  problems 
for  titanium  can  originate  from  four  sources: 
high  cutting  temperatures,  chemical  reactivity 
and  -\brasivenesi  with  tools,  and  a  relatively 
low  modulus  of  elasticity.  A  built-up  edge,  how¬ 
ever,  doer  i.ct  form  on  tools  used  to  machine 
titanium.  Although  this  phenomenon  accounts  for 
the  characteristically  good  finish  on  machined 
surfaces,  it  also  leaves  the  cutting  edge  naked 
to  the  abrading  action  of  the  chip  peeling  off  the 
work.  In  addition,  titanium  produces  a  thin  chip, 
which  flows  at  high  velocity  over  the  tool  face  on 
a  small  tool-chip  contact  arua.  This,  plus  the 


high  strength  of  titanium  produces  high  contact 
pressures  at  the  tool-chip  interface.  This  com¬ 
bination  of  events  and  the  poor  heat  conductivity  of 
titanium  results  in  unusually  high  tool-tip  tem¬ 
peratures.  (2) 

The  cutting  temperature  achieved  at  the  tool 
point  depends  partly  on  the  rate  at  which  heat  is 
generated  from  the  tool  forces  involved  at  the  tool 
point,  from  the  tool  forces  involved,  and  partly 
on  the  rate  at  which  it  is  removed  by  the  c’.ip,  the 
cutting  fluid,  and  by  conduction  through  the  tool. 

The  heat-tiansfer  characteristics  of  the  chip 
and  work  material  depend  on  thermal  diffusivity, 
which  is  a  function  of  density,  specific  heat,  and 
thermal  conductivity.  Since  titanium  exhibits  poor 
thermal  diffusivity,  as  indicated  in  Table 
3-0.  1.  1-2,  tool-chip  interface  temperatures  are 
higher  than  they  would  be  when  machining  other 
metals  at  equal  tool  stresses.  The  higher  tem¬ 
peratures  in  the  cutting  zone  lead  to  rapid  tool 
failure  unless  ficient  cooling  is  provided  by 
suitable  cuttin^.  tluids. 

The  strong  chemical  reactivity  of  titanium 
with  tool  materials  at  high  cutting  temperatures 
and  pressures  induces  galling,  welding,  and 
smearing,  since  an  alloy  is  continuously  formed 
between  the  titanium  chip  and  the  tool  material.  ^ 
This  alloy  passes  off  with  the  chip,  producing  tool 
wear.  Titanium  reactivity  also  show*  up  when  the 
tool  dwells  in  the  cut,  even  momentarily  as  in 
drilling.  In  this  case,  the  cutting  temperature 
drops,  causing  the  chip  to  freeze  to  the  tool.  When 
cutting  is  resumed,  the  released  chip  leaves  a  layer 
of  titanium  on  the  cutting  edge.  This  layer  then 
picks  up  additional  titanium  to  form  an  "artificial" 
built-up  edge,  which  spalls  off,  taking  part  of  the 
tool  edge  with  it.  This  undesirable  situation  can  be 
prevented  by  eliminating  dwelling  in  the  cut,  or  by 
dressing  the  tool  to  remove  the  titanium  layer  be¬ 
fore  cutting  is  resumed. 

Abrasion  by  surface  contamination  or  scale 
ou  titanium  can  notch  cutting  tools  at  the  depth-of- 
cut  line.  Consequently,  this  contamination  should 
be  removed  before  machining. 

The  stiffness  of  a  part,  determined  by  the 
shape  and  the  modulus  of  elasticity  of  the  workpiece 
material,  is  an  important  consideration  when  de¬ 
signing  fixtures  and  selecting  machining  conditions 
since  the  thrust  force,  which  deflect*  the  part  being 
machined,  is  considerably  greater  for  this  metal 
than  for  steel.  Since  the  modulus  of  elasticity  for 
for  titanium  is  only  about  half  that  of  steel,  a 
titanium  part  may  deflect  several  times  as  much  a* 
a  similar  steel  part  during  machining,  creating 
tolerance  and  tool-rubbing  problems.  In  addition, 
titanium  may  shrink  on  steel  drills,  reamers,  and 
taps  because  of  differences  in  the  thermal  expansion 
of  the  materials  involved. 


TABLE  3-0.  1.  1-1.  MA CHINA BIL1TY  RATINGS  OF  TITANIUM  AND  ITS 
ALLOYS  RELATTv  T  TO  OTHER  SELECT  IT;  MATERIALS*3'4) 


Alloy 

_  Type 

Condition'*) 

Hardness, 

Bhn.. 

Rating***) 

2017 

Aluminum  allr 

300 

B1 112 

Reoulfurised  si- 

i."> 

100 

1020 

Carbon  steel 

CD 

70 

4340 

Alloy  steel 

A 

45 

Titanium 

Commercially  pure 

A 

40 

302 

Stainless  steel 

A 

35 

Ti-5Al-2.  5Sn 

Titanium  alloy 

A 

310 

30 

Ti-8Mn 

Titanium  alloy 

A 

25 

Ti-6A1-4V 

Titanium  alloy 

A 

22 

Ti-  8  Al- 1  Mo- 1 V 

Titanium  alloy 

A 

22 

Ti-  6A1-  6  V-  2Sn 

Titanium  alloy 

A 

20 

Ti-6A1-4V 

Titanium  alloy 

HT 

365 

18 

Ti-  6  Al-  6  V-  2Sn 

Titanium  alloy 

HT 

365 

16 

Ti-l3V-llCr-3Al 

Titanium  alloy 

A 

16 

Ti-l3V-l  lCr-3Al 

Titanium  alloy 

HT 

365 

~12 

HS25 

Cobalt  base 

A 

10 

Rene  41 

Nickel  base 

HT 

6 

(a)  Usual  condition  for  machining 

T4:  Solution-heat-treated  and  artifically  aged  condition 

HR:  Hot-rolled  condition 

A  :  Annealed  Condition 

HT:  Solution- treated- and- aged  condition 

CD:  Cold- drawn  condition. 

(fa)  Based  on  AISI  B1112  steel  as  100. 


TABLE  3-0.  1.  1-2.  PHYSICAL  PROPERTIES  AND  RELATIVE  HEAT- TRANSFER 
PROPERTIES  OF  COMMERCIALLY  PURE  TITANIUM,  75ST  ALUMINUM 
ALLOYS,  AND  AISI  1020  STEEL*3) 


Property 

/ 

Commercially 

75ST  Age- Hardened  AISI  1020 

Aluminum  Steel 

Density  (p),  lb /in.  3 

0. 163 

0.  101 

0.290 

Thermal  Conductivity  (k). 

105 

845 

390 

Btu/(ft2)  (hr)  (F)  (in. ) 

Specific  Heat 

0.  13 

0  21 

0.117 

(Cp),  Btu/(lb)  (F) 

Volume  Specific  Heat 
(p  C),  Btu/(in.3)  (F) 

0,021 

0.021 

0.  031 

Thermal  Diffusivity 

4950 

„9,800 

11,500 

'  / 


/ 
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3-0.  1.  2  General  Machining  Requirements 

Successful  machining  of  titanium  and  its  al¬ 
loys  requires  the  use  of  high-quality  machine  tools 
and  cutting  tools;  an  absolute  rr  limum  of  vibra¬ 
tion;  rigid  setups;  and  faithfn*  observance  ol  recom¬ 
mended  machining  practice". 

Machine  tool  se’-ition  is  a  primary  factor; 
just  any  machine  will  not  do.  In  fact,  machine 
tools  used  for  machining  titanium  must  b-  in 
excellent  c  dition  and  possess  certain  basic 
attributes  t-.at  insure  vibratiom-free  operations. 
These  include  dynamic  balance  of  rotating  ele¬ 
ments;  ti  e  running  spindles;  snug  bearings,  slides, 
and  screws;  sturdy  frames;  wide  speed/feed  ranges; 
and  ample  power  to  maintain  speed  throughout 
cutting.  Undersized  or  under-powered  machines 
should  be  avoided.  Certain  locations  of  machines 
near  or  adjacent  to  heavy'  traffic  also  can  induce 
unwanted  vibration  and  chatter  during  machining!^' ^ 
Specific  information  and  data  on  machine-tool  re¬ 
quirements  are  presented  in  each  specific  machin¬ 
ing  operation  covered  herein. 

Rigidity  of  operation  is  also  a  very  important 
considm  -tion.  Generally,  it  is  obtained  through 
the  us e  of  adequate  clamping  and  by  minimizing 
deflection  c.  ork  and  tool  during  machining.  In 
milling,  tl  1  means  strong,  short  tools,  machin¬ 
ing  close  to  the  table,  rigid  fixturing,  frequent 
clamping  of  long  parts,  and  the  use  of  backup  sup¬ 
port  for  thin  walls  and  delicate  workpieces.  Rigidi¬ 
ty  in  turning  is  achieved  by  machining  close  to  the 
spindle,  gripping  the  work  firmly  in  the  collet,  and 
providing  steady  or  follow  rests  for  slender  parts. 
Drilling  requires  short  drills,  positive  clamping 
of  sheet,  and  backup  plates  on  through  holes. 

Cutting  speed  is  important  in  all  machining 
operations  and  is  a  very  critical  variable  for 
titanium.  As  shown  in  Figure  3-0.  1.  2-1.  cutting 


FIGURE  3-0.  1.  2-1.  EFFECT  OF  CUTTING  SPEED 
ON  CUTTING  TEMPERATURE  FOR  CAR¬ 
BIDE  AND  HIGH-SPEED  STEEL{3,8) 


speed  has  a  pronounced  effect  on  tool-chip  temper¬ 
ature.  Accordingly,  it  can  be  deduced  that  ex¬ 
cessive  speeds  could  cause  overheating  and  short 
tool  life.  Consequently,  speeds  are  limited  to  rela¬ 
tively  low  values,  unless  adequate  pooling  can  be 
supplied  at  the  cutting  3ite.  However,  all  machin¬ 
ing  variables  should  be  carefully  selected  to  effect 
optimum  machining  rates. 

All  machining  operations  require  a  positive 
uniform  feed  achieved  mechanically.  The  cutting 
tool  should  never  dwell  or  ride  in  the  cut  without 
removing  metal.  As  an  added  precaution,  all 
cutters  should  be  retracted  when  they  are  returned 
across  the  work.  The  cutter  s'  -udd  be  up  to  speed 
and  should  maintain  this  speed  as  the  cutter  takes 
ti.e  load. 

In  8umma-y,  correct  machining  setups  for 
titanium  require  str<  tg,  sharp  cutting  tools;  posi¬ 
tive  feeds;  relatively  low  cutting  speeds;  and  cer¬ 
tain  types  of  cutting  fluids.  Improper  cutter  rigidi¬ 
ty  and/or  geometry  can  contribute  to  vibration. 
Spindle  speeds  and  feeds  should  be  verified  on  each 
machine  to  ensure  correct  cutting  conditions,  since 
small  changes  in  cutting  conditions  can  produce 
large  changes  in  tool  life.  All  machining  variables 
should  be  carefully  selected  to  effect  optimum 
machining  rates.  The  recommended  speeds  and 
feeds  suggested  in  this  manual  are  intended  to  serve 
as  guides  to  assist  the  machinist  in  the  selection  of 
these  proper  cutting  conditions. 

3-0.  1.3  Cutting  Tools 

High-quality  cutting  tools,  properly  ground- 
are  needed  for  all  machining  operations.  The  face 
of  the  tool  should  be  smooth,  and  the  cutting  edges 
sharp  and  free  of  feather  burrs.  Milling  cutters, 
drills,  and  taps  3hould  be  mounted  to  ,;un  true. 

Lathe  tools  should  usually  cut  on  dead  center.  In 
a  multiple-tooth  cutter  like  a  mill  or  a  drill,  all 
teeth  should  cut  the  same  amount  of  material. 

High-speed  steel,  cast  alloy,  and  carbide 
tools  are  used,  the  choice  depending  on  seven 
basic  factors,  including: 

(1)  The  conditions  of  the  machine  tool 

(2)  The  rigidity  of  the  system 

(3)  The  type  of  cut  to  be  madc 

(4)  The  surface  condition  of  the  titanium 

(5)  The  amount  of  metal  to  be  removed 

(6)  The  metal  removal  rate 

{ 7 }  The  skill  of  the  operator. 

Carbide  tools  require  heavy-duty,  amply 
powered,  vibration-free  machine  tools  and  rigid 
tool-work  setups  to  prevent  chipping.  If  these  two 
basic  conditions  cannot  bd  met,  then  high-speed 
steel  tools  give  better  results. 
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Carbide  cutting  tools  are  usually  selected  for 
high-produebon  items,  extensive  metal-removal 
operations,  and  scale  removal.  The  so-called 
nonferrous  or  cast-iron  grades  of  carbides  are 
used  for  titanium.  These  have  been  identified  as 
CISC  Grades  C- 1  to  C-4  inclusive  by  the  Carbide 
Industry  Standardisation  Committee.  A  partial 
list  of  companies  producing  these  grades  of  carbide 
cutting  tools  is  given  in  Table  3-0.  1.  3-1. 

Although  competitive  brands  of  cutting  tools 
classified  under  the  same  grade  are  similar,  they 
are  not  necessarily  ldent> cal.  Variations  in  tool 
life  should  be  expected  from  carbides  produced  by 
different  manufacturers  and  between  lots  made  by 
the  same  producer.  For  this  reason,  some  air¬ 
craft  companies  specify  their  own  lists  of  inter¬ 
changeable  carbide  tools  made  by  approved  manu¬ 
facturers. 

High-speed  steel  tools  can  be  utilised  at  low 
production  rates,  but  tool  life  is  low  by  ordinary 
standards.  Both  the  tungsten  and  molybdenum 
types  of  conventional  high-speed  steel  have  been 
used.  Cobalt  is  often  added  to  these  steels  to  in-  ( 
crease  their  red  hardness  above  1000  F.  Con¬ 
ventional  high-speed  steels  normally  become  too 
soft  to  be  cut  effectively  much  in  excess  of  thi«, 
cutting  temperature.  New  super-high- speed  steels 
(M41  to  M44)  are  also  available  and  are  used  with 
good  results.  Table  3-0.  1.  3-2  shows  the  wide 
choice  of  compositions  of  high-speed  steels  avail¬ 
able  to  the  tool  engineer. 

Certain  precautions  must  be  observed  when 
cobalt  high-speed  steels  and  super  high-speed 
steels  are  used.  They  are  sensitive  to  checking 
and  cracking  from  abrupt  temperature  changes 
such  as  might  occur  during  grinding.  Consequent¬ 
ly,  steps  should  be  taken  against  any  kind  of  sharp, 
localised  overheating  or  sudden  heating  or  cooling 
of  these  steels.  They  are  more  brittle  than  con¬ 
ventional  high-speed  steels  and  hence  are  not  usu¬ 
ally  suitable  for  razor-edged-quality  tools.  In 
addition,  precautions  must  be  taken  to  protect 
■these  high-speed  steels  from  excessive  shock  and 
vibration  in 'service.  (3) 

Cast  cobalt- chromium- tungsten  alloys  are 
used  for  metal  cutting  at  speeds  intermediate  bet¬ 
ween  carbide  -A  high-speed  steel.  The  three  main 
constituents  oi  '  .e  alleys  —  cobalt,  chromium, 
and  tungsten  —  are  combined  in  various  propor¬ 
tions  to  produce  different  grades,  as  shown  in 
Table  3-0. 1.  3-3.<3> 

3-0.  1.4  Cutting- Fluid  Considerations 

Cutting  fluids  are  used  on  titanium  to  in¬ 
crease,  tool  life,  to  improve  surface  finish,  to 
minimise  welding,  and  to  reduce  residual  stresses 
in  the  part.  Soluble  oil-water  emulsions,  water- 
soluble  waxes,  and  chemical  coolants  are  usually 


used  at  tha  higher  cutting  speeds  (75  to  100  fpm  and 
higher)  where  cooling  is  important.  Low-viscosity 
sulfurized  oils,  chlorinated  oils,  and  sulfochlorin- 
ated  oils  are  used  at  lower  cutting  speeds  {below 
75  fpm)  to  reduce  tool- chip  friction  and  to  minimize 
welding  to  the  tool.  M  Cutting  oils  may  have  either 
mineral  oil  or  mineral  oil-lard  oil  bases.  All  cutt¬ 
ing  fluids  have  been  identified  as  follows  for  use  in 
subsequent  machining  tables: 

Fluid 

Code  Number'3)  Cutting  Fluid  Type _ 

1  Soluble  oil-water  emulsion  (1:10) 

2  Water-soluble  waxes 

?.  Chemical  coolants  (synthetics, 

barium  hydroxide,  etc.  ) 

4  Highly  chlorinated  oil 

5  Sulfurized  oil 

6  Chlorinated  oil 

7  Sulfochlorinated  oil 

8  Rust- inhibitor  types  (such  as  ni¬ 

trite  amine) 

9  Heavy-duty  soluble  oil  (such  as 

chlorinated,  barium  sulfonated 
extreme-pressure  additive 
types). 


(a)  Code  numbers  used  in  this  handbook. 

For  many  machining  operations,  it  is  possible 
to  specify  practical  cutting  fluids  by  using  class 
designations  such  as  "soluble  oil",'kulfurized  oil", 
and  "sulfo-chlorinated  oil".  For  some  of  the 
difficult-to- machine  alloys,  however,  class  desig¬ 
nations  are  sometimes  inadequate.  Many  fluids 
that  improve  machinability  are  complex,  often  pro¬ 
prietary,  and  sometimes  contain  unidentifiable 
active  compounds.  The  best  way  for  specifying 
such  fluids  is  by  trade  name,  provided  the  formu¬ 
lations  are  not  altered  later  under  th e.aame  trade 
name.  The  Machining  Data  Handbook^  lifts  19 
companies  producing  cutting  fluids  for  titanium. 

Some  companies  use  soluble  oil-water  emul¬ 
sions  for  rougFng  cuts  and  oil-base  cutting  fluids 
for  finishing  cuts.  Soluble  oil-water  emulsions  are 
also  used  for  turning,  face  milling,  and  slab  .mill¬ 
ing:  oil-base  fluids  for  reaming  and  tapping. 

Both  flood  and  mist  applications  are  used, 
depending  on  the  cutting  speed  and  cutting  fluid 
used.  Flood  application  through  multiple  nozzles 
to  cover  the  cutting  tool  and  immediate  cutting  area 
can  be  used  for  oil-base  or  water-base  fluids.  This 
form  of  application  is  not  recommended  for  those 
high  cutting  speeds  that  would  throw  off  the  fluids.  W 

The  ml^t  system  provides  cooling  and/or 
lubrication  to  inaccessible  areas,  visibility  of  the 
cutting  zone,  and  better  tool  life  (or  lower  costs) 
in  some  instances.  Water-base  fluids  are 


o 


i  table  can  fancdoa  only  *.  a  guide.  The  >o -called  "hot  grade"  may  differ  for  each  tpeclfic  fob  even  If  the  material  being  machined 
t.  The  final  selection  can  be  made  only  by  trial  and  error,  instructions  regarding  the  specific  use  and  application  of  any  competitive 
ild  be  obtained  dir  act  ly  from  the  manufacturer. 
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TABLE  3-0.  1.  3-2.  COMPOSITIONS  OF  HIGH  SPEED  STEELS 


AISI 

Group'*'  Code^) 


Tungsten 


Composition,  weight  percent _ 

Chromium  Vanadium  Cobalt  Molybdenum 


Tungsten 


Molybdenum 


M-l 

1.5 

4 

1 

— 

8 

M-2 

6 

4 

2 

— 

5 

M-  '0 

— 

4 

2 

— 

8 

M-3 

6 

4 

2.75 

— 

5 

M-3,  Type  1 

6.  25 

4 

2.  50 

— 

5.  70 

M-3,  Type  2 

L\  6 

4 

3.3 

— 

5.50 

M-4 

5.50 

4 

4 

— 

4.50 

M-6 

4 

4 

1.5 

12 

5 

M-7 

1.75 

3.  75 

2 

— 

8.  75 

M-30 

2 

4 

1.25 

5 

8 

M-33 

1.75 

3.  75 

1 

8.  25 

9.  25 

M-15 

6.5 

4 

5 

5 

3.5 

M-34 

2 

4 

2 

8 

8 

M-35 

6 

4 

2 

5 

5 

M-36 

6 

4 

2 

8 

5 

M-41 

6.  25 

4.  25 

2 

5 

3.  75 

M-4Z 

1.5 

3.  75 

1.  15 

8 

9.5 

M-43 

1.  75 

3.  75 

2 

8.  25 

8.  75 

M-44 

5.  25 

4.  25 

2.  25 

12 

6.  25 

(a)  There  is  little  difference  in  properties  between  the  molybdenum  and  tungsten  types 
of  high-speed  steel.  Although  each  group  has  its  supporters,  extensive  laboratory 
and  production  cornparisions  of  comparable  grades  of  the  two  types  have  not  con¬ 
sistently  established  any  outstanding  superiority  for  either  group. 

(b)  When  greater  than  average  red  hardness  is  needed,  cobalt- containing  grades  are 
recommended.  So-called  parallel  grades  in  the  molybdenum  and  tungsten  groups 
are  not  necessarily  comparable.  Fox  example,  special-purpose  steels  such  as 
T-6,  T-8,  T-15,  and  M-6,  M-35,  and  M-36  seem  to  have  no  close  counterparts 
in  the  opposite  group.  The  unique  compositions  and  properties  of  these  steels 
often  suit  them  to  certain  applications  without  competition. 


preferred  over  the  oil-base  fluids  because  of  a 
possible  health  hazard  of  oil  mists.  W 

Fluids,  whether  flood  or  mist  applied,  must 
be  directed  to  give  maximum  cooling  and/or 
lubrication  to  the  tool/work  interface.  Care  must 
be  taken  not  to  direct  the  fluid  directly  onto  the 
chip,  thereby  blocking  the  flow  of  fluid  to  the  zone 
of  maximum  heat. 

Although  chlorinated  oils  are  being  used  in 
some  cases  on  titanium  and  its  alloys,  they  should 
be  avoided  if  nonchlorinated  fluids  satisfy  the 
machining  requirements.  Chloride  residues  from 
these  fluids  may  lead  to  stress-corrosion  cracking 


of  parts  during  service.  This  cracking  situation 
is  discussed  more  fully  in  Section  1-0.  5.  If 
chlorinated  fluids  are  used  on  titanium,  the  resi¬ 
dues  must  be  removed  promptly  with  a  non¬ 
chlorinated  degreaser  such  as  methyl  ethyl 
ketone  (MEK).  Fundamentally,  it  is  always  good 
practice  to  remove  all  cutting  fluid  or  lubricant 
residues  regardless  of  type  completely  from  work- 
pieces,  especially  before  any  heating  operation. 
Furthermore,  due  consideration  should  be  given 
to  the  difficulties  of  washing  complex  assemblies. 

Most  of  the  prime  defense  contractors  lave 
well-defined  machining  and  cleaning  procedures 
relating  to  the  use  of  chlorine-type  cutting  fluids 
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TABLE  3-0.  1.  3-3.  TOOL-MATERIAL  GUIDE  FOR  CAST  ALLOYS(3) 


Composition,  percent 

Hardr.e'ss, 

RC 

Co 

Cr 

W 

Te 

Ta“ 

Uther 

Stellite  19(a> 

50.6 

31 

10.  5 

1.9 

3.  0  max 

3.  0 

55 

Stellite  3<b> 

46.  5 

30.  5 

12.  5 

2.  45 

3.  0  max 

3.  0  max 

... 

-- 

2.  0 

60 

Tantung 

46 

28 

16 

2.  0 

— 

2.  0 

5 

0.  2 

2.  0 

— 

Stellite  Star-J^ 

40.  5 

32 

17 

2.  5 

2.  5  max 

3.  0  max 

2.  5 

61 

Stellite  98M2(e) 

37.5 

30 

18.  5 

2 

3.  5 

2.  5  max 

•• 

-- 

6 

63 

(a)  Possesses  the  highest  resistance  to  shock  loading  or  intermittent-cutting  effect,  but  the 
lowest  red  hardness  of  the  stellites  listed. 

(b)  Possesses  higher  hardness,  but  lower  impact  strength  than  Stellite  19  If  Stellite  3  can 
handle  the  shock  conditions  of  cutting,  it  is  preferable  to  Stellite  19. 

(c)  A  good  compromise  of  hardness  and  shock  resistance. 

(d)  Among  the  stellites,  the  hardness  of  Star-J  is  second  only  to  98M2,  It  should  machine  metal 
faster  than  Stellites  3  and  19  under  moderate  impact  conditions.  Stellite  Star-J  is  suitable 
for  milling  cast  iron. 

(e)  Possesses  the  highest  hardness  of  all  stellites,  but  only  fair  impact  strength. 


for  titanium  alloys.  Subcontractors  are  advised 
to  make  certain  that  they  are  following  the  latest 
practices  required  by  prime  contractors.  Addi¬ 
tional  note  should  be  taken  of  the  fact  Chat  differ¬ 
ent  cleaning  procedures  may  be  specified  for 
machining  assemblies  and  for  detailed  parts. 

3-0.  1.  5  Scrap  Prevention 

Since  titanium  is  a  relatively  expensive 
metal,  every  effort  should  be  made  to  avoid  waste. 
Table  3-0. 1.  5-1  illustrates  the  common  sources 
of  scrap  and  their  importance  in  different  machin¬ 
ing  operations,  and  suggests  ways  of  preventing 
scrap. 

Any  scrap-prevention  program  requires 
adherence  to  the  basic  recommendations  for  ma¬ 
chining  titanium  stated  previously.  In  addition  to 
those  practices,  parts  should  be  handled  aad 
transported  with  reasonable  care.  Wicks  and 
scratches  must  be  avoided,  both  on  parts  in  pro¬ 
cess  and  on  finished  parts.  Hence,  suitable  con¬ 
tainers  or  paper  separators*  should  be  used  for 
parts  in  process  to  prevent  damage  in  handling  and 
storage. 


*  "Cel-Fibe"  cellulose  wadding  or  equivalent. 


The  machining  and  grinding  of  titanium  nor¬ 
mally  require  closer  supervision  than  do  opera¬ 
tions  on  other  metals,  not  only  to  prevent  scrap, 
but  also  to  detect  defective  parts  early  in  the  pro¬ 
cessing  schedule. 

3-0.  1.  6  Hazards  and  Safety  Considerations 

Titanium  by  itself  is  not  particularly  hazar¬ 
dous,  although  a  potential  explosion  hazard  may 
exist  if  very  finely  divided  titanium  is  present  in 
air  in  the  proper  proportions.  The  fire  hazard 
can  be  more  real.  Fine  chips  and  turnings  can  be 
ignited  under  certain  conditions.  Titanium  turnings 
also  may  ignite  when  the  metal  is  cut  at  high  speeds 
without  the  adequate  use  of  coolants.  In  the  same 
manner,  dry  grinding  can  cause  trouble  due  to  the 
intense  spark  stream.  Finally,  chip  accumulations 
from  poor  housekeeping  habits  and  improper  stor¬ 
age  produce  likely  sites  for  titanium  fires. '  3" 

From  the  health  viewpoint,  no  adverse  physio¬ 
logical  reaction  from  titanium  has  been  repos  ted. 
However,  barium  compounds,  ouch  as  barium  hy¬ 
droxide,  used  as  cutting  fluids  may  be  hazardous  to 
personnel  unless  suitable  precautions  are  taken  to 
protect  machine  operators.  Barium  compounds  may 
possess  both  acute  and  chronic  toxicity  if  inhaled  at 
high  concentrations.  Consequently,  positive  mea¬ 
sures  must  be  taken  to  exhaust  ail  fumes  and  mist 
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TABLE  3-0.  1.  5-1.  SOURCES  OF  SCRAP  FOR  VARIOUS  MACHINING  OPERATIONS  AND  THE  CORREC¬ 
TIVE  ACTIONS  NEEDED*3) 


Sources  of  Scrap 

Burnell  Rough  Chatter  Dimensional  Residual  Broken  Handling 

Surfaces  Finish  Marks  Discrepancies  Stresses  Distortion  Tools  Scratches 

Incidence  of  Scrap  for  Machining  Operation  Shown 


Operation 

Turning 

X 

X  X 

Milling 

X 

X  X 

Drilling 

X 

Tapping 

X 

X 

Grinding 

X 

X 

X 

Belt  grinding 

X 

Cut-off 

X 

Sawing 

X 

Corrective  Action  NccJod  to  Avoid  Defects  Indicated  Above 


Corrective  Action 
Strong,  sharp  tools 
Dressed  wheels 
Positive  chip  removal 
More  rigid  setups 
Modern  machine  tools 
Speed/feed/cutting  fluid 
Careful  handling 
Stress  relief 


from  the  machining  area.  The  recommended 
maximum  atmospheric  concentration  per  8-hour 
day  is  0.  5  mg  per  cubic  meter  of  air.  *1,12»  18-22) 

Safety  considerations  are  concerned  with 
both  preventive  and  emergency  measures.  Pre¬ 
ventive  measures  generally  mean  that  good 
housekeeping  Dractices  must  be  maintained  at  all 
times. *?'  3-r5*  7)  Specifically,  they  involve: 

(1)  Regular  chip  collection  and  storage  in 
covered  containers  (once  a  day) 

(2)  Removal  of  containers  to  an  outside 
location 

(3)  Keeping  of  machine  ducts  and  working 
areas  clean  of  titanium  dust,  chips,  and 
oil- soaked  sludge 

(4)  Cleaning  a  rea  and  equipment  of  all  oil  ' 
and  grease,  and  removal  of  rags  and 
waste  subject  to  spontaneous  combus-. 
tion. 

If  a  fire  starts,  it  should  be  smothered  by 
using  dry  powders  developed  for  combustible 
metal  fires.  These  include  graphite  powder. 


powdered  limestone,  absolutely  dry  sand,  and  dry 
compound  extinguisher  powder  for  magnesium 
fires.*14"18* 


Carbon  tetrachloride  or  carbon  dioxide  ex¬ 
tinguishers  should  not  be  used.  09-21, 23M»4-16,lt* 
Water  or  foam  should  never  be  applied  directly 
to  a  titanium  fire.  Water  accelerates  the  burning 
rate  and  may  cause  hydrogen  explosions.  However, 
water  can  be  applied  to  the  surrounding  area  up  to 
the  edges  of  the  fire  to  cool  tht>  unignited  material 
below  the  ignition  point* 33"^®) 
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3-1  Conventional  Machining  and  Sawing 


3-1.1  MILLING  OPERATIONS 
3-1. 1.0  Introduction 

Milling  is  an  intermittent  cutting  operation 
that  can  be  difficult  to  control  because  of  the  large 
number  of  variables  involved.  Welding  and  edge 
chipping  are  the  basic  problems  when  milling  ti¬ 
tanium.  The  amount  of  titanium  welded  on 

cutter  edges  is  proportional  to  the  chip  thickness 
as  each  tooth  leaves  the  c;>t.  The  weid  metal  and 
part  of  the  underlying  cutting  edge  then  chips  off  as 
each  tooth  reenters  the  cut,  thus  starting  a  wear- 
land.  Welding  increases  progressively,  and  the 
wearland  grows  until  sudden  tool  failure  occurs. 
This  progressive  tool  chipping  and  wear  phenomen¬ 
on  also  produces  a  gradual  surface-finish  deterior¬ 
ation  and  a  loss  of  tolerance.  Both  factors  can 
become  serious  unless  the  worn  or  damaged  tool 
is  replaced.  '3' 

Other  problems  to  be  faced  include  heat, 
deflection,  and  abrasion.  High  cutting  temper¬ 
atures  soften  chips,  which  tend  to  clog  and  load 
milling  cutters.  Deflection  of  thin  parts  and  slen¬ 
der  milling  cutters  promotes  rubbing  and  adds  heat. 
Abrasive  oxide  surfaces  on  titanium  can  notch  the 
cutter  at  the  depth- of- cut  line. 

Another  problem  in  rn’lliug  titanium,  partic¬ 
ularly  in  the  case  of  extrusions,  is  distortion 
originating  from  the  release  of  stresses  originally 
imposed  by  the  basic  mill  processing  operation. 
Distortion  occurs  when  unequal  amounts  of  metal 
are  removed  from  opposite  surfaces,  or  by  the 
machining  operation  itself. 

The  welding/chipping  behavior  described  can 
be  minimized  by  providing  thin  exit  chips  char¬ 
acteristic  of  down  (climb)  milling.^’®'  Slower 
speeds  and  light  feeds  also  reduce  chipping  and 
permit  lower  cutting  temperatures.  Water-base 
coolants  also  reduce  cutting  temperatures  and 
hence  minimize  galling.  Chemical  removal  of 
any  oxide  skin  before  machining  will  alleviate  the 
abrasion  problem.  Stress  relief  in  fixtures  before 
final  machining  overcomes  the  distortion  problem. 

In  spite  of  the  difficulties  described,  milling 
operations  can  produce  titanium  parts  in  a  variety 
of  shapes  and  sizes  to  aircraft  standards  of  surface 
finish  and  dimensional  accuracy.  A  surface  finish 
of  63  microinches  rms  or  better  is  readily  attain¬ 
able  and  values  as  low  as  17  microinches  rms  are 
possible  in  finishing  cuts.  (5) 

3-1.1.  1  Milling  Machines 

Heavy-duty  horizontal  or  vertical  knee-and- 
column  milling  machines  are  required  for  face 
milling ,  end  milling ,  and  pocket  milling  of  titanium. 
Heavy-duty,  fixed-bed  milling  machines  also  can 


be  used  for  face  milling  and  end  milling  of  large 
titanium  workpieces. 

Numerically  controlled,  vertical  profile 
milling  machines,  or  tracer-controlled  milling 
machines  are  usually  recommended  for  profile 
and  pocket  milling  operations. 

Backlash  elimination  and  snug  table  gibs  are 
requirements  for  milling  machines  used  on  titani¬ 
um. 

Generally  speaking,  10  to  15  horsepower  is 
usually  sufficient  for  milling  titanium.  This 
means,  for  example,  a  No.  2  heavy-duty  or  a  No. 

3  standard  knee-and-cclumn  milling  machine. 
However,  the  large  machines  often  needed  to  ac¬ 
comodate  large  parts  may  have  as  much  as  25  to 
50  horsepower  available. 

3-1.  1.2  Milling  Gutters,  Design,  and  Quality 

The  choice  of  the  milling  cutter  used  de¬ 
pends  on  the  type  of  machining  to  be  done.  1®)  Face 
mill",  rotary  face  mills,  plain  milling  cutters, 
and  slab  mills  are  used  for  milling  plane  surfaces. 
End  mills  are  used  Tor  light  operations  such  as 
profiling  and  slotting.  Form  cutters  and  gang¬ 
milling  cutters  are  used  to  produce  shaped  cuts. 

All  cutters  need  adequate  body  sections  and  tcoth 
sections  to  withstand  the  cutting  loads.  Helical 
cutters  are  prefer  led  for  their  smoother  cutting 
action.  The  use  of  the  smallest  diameter  cutter 
with  the  largest  number  of  teeth  without  sacri¬ 
ficing  necessary  chip  space  minimizes  chatter  and 
deflection.  ^ 

Tool  angles  of  a  milling  cutter  ihotid  be 
chosen  to  promote  unhampered  chip  flow  and 
immediate  ejection  of  the  chip.  The  controlling 
angles  in  this  regard  include  the  axial  rake, 
radial  rake,  and  corner  angles.  These  angles 
should  be  chosen  to  provide  a  positive  angle  of  in¬ 
clination  to  lift  the  chip  from  the  machined  surface. 

Rake  angles  are  not  especially  critical. 

Some  investigators  have  reported  that  tool  life 
progressively  improves  as  the  radial  rake  is  re¬ 
duced  from  +6  to  0  degrees  and  down  to  -10  de¬ 
grees.  W  Positive  rake  angles  are  generally 
used  on  high-speed  steel  cutters,  but  occasion¬ 
ally  it  is  necessary  to  reduce  the  rake  to  zero  to 
overcome  a  tendency  for  the  cutter  to  "dig-in", 
or  to  chip  prematurely. 

The  use  of  a  corner  angle  plus  a  small  nose 
radius  also  provides  a  longer  cutting  edge.  This 
distributes  cutting  forces  over  a  greater  area, 
causing  less  pressure.  It  also  aids  in  dissipating 
the  heat  of  cutting.  A  30  *o  45- degree  cham¬ 

fer  also  can  produce  a  longer  cutting  edge  and  a 
wider,  thinner  chip;  however,  a  corner 'angle  is 
usually  more  effective  than  a  chamfer. 
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Relief  angles  are  probably  the  most  critical  of 
all  tool  angles  when  milling  titanium.  Relief  angles 
around  12  degrees  give  longer  tool  life  than  the 
standard  relief  angles  of  6  or  7  degrees.  If  chipping 
occurs,  the  12- degree  relief  angles  should  be  re¬ 
duced  toward  the  standard  values.  Generally,  re¬ 
lief  angles  less  than  10  degrees  may  lead  to  exces¬ 
sive  smearing  along  the  flank,  while  angles  greater 
than  15  degrees  weaken  the  tool  and  encourage 
"digging- in",  as  well  as  chipping  of  the  cutting 
edge.  (’>3,11) 

All  cutters  should  be  ground  and  mounted  to 
run  absolutely  true ,  to  make  certain  that  all  teeth 
are  cutting  the  sama  amount  of  material.  The  total 
runout  should  be  no  more  than  0.  001-inch  TIr!**-  ^ 

3-1. 1.3  Tool  Materials 

The  choice  of  the  proper  tool  material  for  a 
milling  cutter  is  uot  a  simple  matter  because  im¬ 
portant  relationships  exist  between  the  machine 
tool,  the  cutting  tool,  nnd  the  workpiece. 

Conventional  high-speed  steel  cutters  (like 
Tl,  T2,  Ml,  M2)  are  popular  mainly  because  of 
their  ready  availability.  They  are  normally  used 
on  titanium  in  the  following  instances: 

(1)  Low  production  volume  of  small  parts 

(2)  Slots  and  form  cuts 

(3)  Milling  under  conditions  of  insufficient 

rigidity 

(4)  End  mills,  form  mills,  narrow  side¬ 

cutting  slitting  saws,  and  large  radius 
cutters. 

The  T4  and  T5  cobalt  grades  are  used  for 
high-production  milling  of  amall  parts.  W  Tool 
life  of  high-speed  steel  cutters  is  low  by  the  usual 
standards  and  quite  sensitive  to  speed.  Further¬ 
more,  some  differences  in  the  performance  of 
high-speed  steel  cutters  may  exist  between  cutters 
of  the  same  type  and  geometry,  but  obtained  from 
different  suppliers.  This  difference  can  be  attri¬ 
buted  to  composition  and/or  heat  treatment  of  the 
tool.  High-speed  cutters,  therefore,  should  be 
purchased  to  the  specifications  covering  the  grade 
and  appropriate  heat  treatment  of  the  steel.  W 

A  complete  list  of  high-speed  steels  was  given 
in  Table  3-0. 1.  3-2. 

Carbide  milling  cutters  are  especially  use¬ 
ful  for  high  production  or  extensive  metal-removal 
operations,  particularly  in  face- milling  and  slab¬ 
milling  applications.  Carbide  milling  is  done  ex¬ 
tensively  in  the  aircraft  industry  and  is  recommend¬ 
ed  whenever  possible  because  of  the  higher  produce 
tion  rates  attainable, 

The  success  of  carbide  milling  depends  large¬ 
ly  on  general  supervision  and  control.  A  qualified 


supervisor  knowledgeable  in  carbide  tooling  should 
be  responsible  for  the  carbide  milling  effort.  Some 
competitive  grades  of  carbides  were  identitied  in 
Table  3-0.  1.3-1, 

3-1.  1.4  Feeds 

Feed  rates  for  milling  titanium  generally 
lie  in  the  range  of  0.  002  to  0.  008  ipt  (inch  per 
tooth)  to  avoid  overloading  the  cutters,  fixtures, 
and  milling  machine.  Light  feeds  at  slow  speeds 
also  help  to  reduce  premature  chipping.  Delicate 
types  of  cutters  and  flimsy  or  nonrigid  workpieces 
require  smaller  feeds.  It  is  important  to  main¬ 
tain  a  positive,  uniform  feed.  Positive  gear  feeds 
without  backlash  are  sometimes  preferred  over 
hydraulic  feed  mechanisms.  Cutters  should  not 
dwell  or  stop  in  the  cut. 

Down  milling  (climb  milling)  techniques  are 
usually  used  for  carbide  and  cast  alloy  cutters  to 
encourage  formation  of  a  thin  chip.  Conventional 
milling  is  usually  more  suitable  for  high-speed 
steel  tools  and  for  removing  scale. 

3-1.  1.5  Depth  of  Cut 

The  selection  of  cut  depth  depends  on  the  part 
rigidity,  the  tolerances  required,  and  the  type  of 
milling  operation  undertaken.  For  skin  milling, 
light  cuts  (0.  010  to  0.  020  inch)  seem  to  permit 
less  warpage  than  deeper  cuts  (0.  040  to  0.  060 
inch).  When  extrusions  are  being  cleaned  up,  a 
0.  050-inch  depth  is  usually  allowed.  W  However, 
depths  of  cut  up  to  0.  15  inch  can  be  used  in  other 
situations  if  sufficient  power  is  available. 

When  forging  scale  is  present,  the  nose  of  each 
tooth  must  be  kept  below  the  scale  to  avoid  rapid 
tool  wear. 

3-1.  1,6  Cutting  Speeds 

Cutting  speed  is  a  very  critical  factor  in 
milling  titanium.  Excessive  speeds  will  cause 
overheating  of  tie  cutter  edges  and  subsequent  rapid 
tool  failure.  Consequently,  the  speeds  shown  in 
subsequent  tables  should  not  be  exceeded.  In  fact, 
when  a  new  job  is  being  started,  it  is  advisable  to 
try  a  cutting  speed  in  the  lower  portion  of  the 
recommended  range  for  each  alloy. 

Sufficient  flywheel-assisted  spindle  power 
should  be  present  to  maintain  constant  cutting 
speed  as  the  cuiter  takes  the  cutting  load, 

3-1.  1.7  Cutting  Fluids 

A  wide  variety  of  cutting  fluids  are  used  to 
reduce  cutting  temperatures  and  to  inhibit  galling. 
Sulfuriced  mineral  oils  are  used  extensively  and 
are  usually  flood  applied.  Wuttr-base  cutting 
fluids  are  also  widely  used  and  are  either  flood  or 
mist  applied.  Tool  life  seems  to  be  significantly 


improved  (up  to  300  percent)  when  a  5  percent  bari¬ 
um  hydroxide-water  solution  is  used  as  a  spray 
mist.  However,  it  is  mandatory  to  exhaust  the 
toxic  fumes  from  the  cutting  area  to  protect  the 
operator,  as  recommended  in  Section 
3-0.  1.4.  <n>14) 


Some  companies  prefer  to  use  the  spray-mist 
technique  for  all  water-base  coolants  because  the 
air  blows  the  chips  free  of  the  cutter.  The  mist 
should  be  applied  ahead  of  a  peripheral  milling 
cutter  (climb  cutting) ,  and  at  both  the  entrance 
and  exit  of  a  face-milling-type  cutter.  Pressuriz¬ 
ing  the  fluid  in  an  aspirator  system  permits  better 
penetration  to  the  tool-chip  area,  better  cooling, 
and  better  chip  removal,  and  increases  tool  life  by 
a  factor  of  two.  With  a  flood  coolant,  the  chips 
tend  to  accumulate  behind  the  cutter,  and  oc¬ 
casionally  are  carried  through  the  cutter.  Flood 
application  is  preferred  when  cutting  c  ils  are  used. 


3-1.  1.8  General  Milling  Techniques  and  Inspection 


Machining  titanium  requires  reasonably  close 
supervision.  This  means  that  the  supervisor  should 
check  all  new  milling  setups  before  cutting  opera¬ 
tions  begf-n.  Thereafter,  he  should  spct  check  for 
nicks  and  scratches  to  prevent  defective  parts  from 
being  processed  too  far. 


Fixtures  should  hold  and  support  the  work- 
piece  as  close  to  the  machine  table  as  possible. 
The  solid  part  of  the  fixture  (rather  than  the 
clamps)  should  absorb  the  cutting  forces.  Fix¬ 
tures  should  be  rugged  enough  to  minimize  distor¬ 
tion  and  vibration. 


The  selection  of  speeds ,  feeds ,  and  depth  of 
cut  in  any  setup  should  take  into  account  the  rigidi¬ 
ty  of  the  setup,  the  optimum  metal- removal  rate/ 
tool- life  values,  and  the  surface  finish  and  toler¬ 
ances  needed  on  the  finished  part. 

Milling  cutters  should  be  sharp,  and  should 
be  examined  for  early  indications  of  dulling.  If 
a  dull  red  chip  starts  to  form,  the  tool  should  be 
replaced.  Some  companies  recommend  at  least 
two  cutters  f«>r  a  given  operation.  Minimum  down 
time  usually  occurs  when  the  entire  cutter  is 
replaced  by  a  new  one,  rather  than  waiting  for  a 
dull  cutter  to  be  resharpened.  The  normal  criterion 
of  wear  for  replacing  a  cutter  is  considered  to  be 
a  wearland  o!  0.  010  inch  for  a  carbide  cutter  and 
0.  015  inch  for  a  high-speed  steel  cutter.  ^ 

Surface  contamination  may  break  down 
cutters  prematurely.  If  this  is  a  problem,  the 
surface  can  be  removed  by  chemical  cleaning. 


3-1.  1.  9  Face  Milling  Operations 


3-1.  1.9.0  Introduction 


Face- milling  operations  employ  the  com¬ 
bined  action  of  cutting  edges  located  on  the  peri* 
phery  and  face  of  the  cutter.  The  milled  surface 
is  generally  at  right  angles  to  the  cutter  axis,  and 
is  flat  except  when  milling  to  a  shoulder.  Face 
mills  and  end  mills  represent  the  tools  used  in  inis 
operation.  Face  mills  are  suitable  for  facing 
workpieces  wider  than  5  inches.  End  mills  are 
used  for  facing  narrow  surfaces  and  for  operations 
such  as  profiling  and  slotting.  ^  ^  ’  The 

following  tabulation  shows  the  type  of  mills  used 
in  various  operations. 


Type  Mill 
Face  mill 8^*^ 
Shell  end 
mills 
End  mills 


Slotting 

mills 


Diameter , 
inches 


plication 


6  and  greater  Roughing  and  finishing 
1  to  6  Facing  wide  surfaces 


1/2  to  2 


1/2  to  2 


Facing  narrow  surfaces 

End  milling 

Profiling 

Slotting 

Slots 


(a)  Indexable  face-milling  cutters  using  throwaway 
carbide  inserts  are  available  in  positive  or 
negative  rakes  with  lead  angles  up  to  45  degrees. 


3-1.  1.  9.  1  Face  or  Skin  Milling 


Conventional  face  mills  of  normal  design  are 
suitable  for  rra chining  relatively  wide,  flat  sur¬ 
faces  usually  wider  than  5  inches.  Special  face 
mills  are  also  used  and  include  the  rotating  insert, 
and  conical  types. 


Diameters  of  face  mills  are  important;  these 
can  exceed  6  inches,  but  should  not  be  appreciably 
greater  than  the  width  of  the  cut.  If  a  smaller 
diameter  cutter  can  perform  the  operation  and 
still  overhang  the  cut  by  10  percent,  then  a  larger 
cutter  should  not  be  used.  It  is  not  aood  practice 
to  bury  the  cutter  in  the  '  ;rk. 


A  good  surface  finish  and  freedom  from 
distortion  are  always  desirable.  Surface  finish, 
in  the  case  of  milling,  seems  to  become  consider¬ 
ably  better  with  decreasing  feed  and  slightly  better 
with  increasing  speed.  Light  cuts  (0.010  to  0.020) 
on  sheet  metal  seem  to  cause  less  warpage  than 
deeper  cuts  (0.  040  to  0.  060  inch).  ^ 

Table  3-1.  1.  9.  1-1  contains  data  on  feeds, 
speeds,  depth  of  cut,  tool  design,  and  other  vari¬ 
ables  important  when  titanium  alloys  are  being 
forced  milled.  Figure  3-1.  1.  9. 1-1  explains  the 
tool  nomenclature  codes  used. 
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Tool  Geometry  Code: 

A 

B 

C 

D 

E 

F 

G 

H 

Axial  Rake,  deg 

0 

0 

0(to  +10) 

+6  to  -  6 

+ 1 0{to  0) 

0  to  +10 

0  to  +6 

15 

Radial  Rake,  deg 

CXto  +10) 

0(to  -10) 

0 

0  to  - 14 

0(to  +10) 

0  to  +10 

0  to  +14 

0 

End  Relief,  deg 

12 

12 

10 

6  to  12 

7  to  10 

7  io  12 

6  to  12 

12 

Peripheral  Relief,  deg 

12 

12 

10 

6  to  12 

7  to  10 

7  to  12 

6  to  12 

12 

End-Cutting  Edge,  deg 

6(to  12) 

12(to  6) 

10 

6  to  12 

6  'o  10 

6  to  12 

6  to  12 

(a) 

Corner,  deg 

30 

30(to  45) 

45 

0  to  45 

45 

30  to  45 

30(to  45) 

(a) 

Nose  Radius,  inch 

0.  04 

0.04 

0.04 

0.  04 

0.  04 

0.  04 

0.  04 

(a) 

(.  '  No  data.  Note:  Data  from  references  listed  in  Table  3-1.  1.9.  1-1. 


FIGURE  3-1.  1.9.  1-1.  TOOL-GEOMETRY  DATA  FOR  FACE  MILLS 


3-1. 1.9.2  E'-d  Milling 

End  milling,  a  form  of  face-milling,  utilizes 
the  cutting  action  of  teeth  on. the  circumferential 
surface  and  one  end  of  a  solid-type  cutter.  End- 
millir.g  cutters  are  used  for  facing,  profiling, 
slotting,  and  end- milling  operations  and  include  the 
standard  end  mills  and  two-lip  end  or  slotting 
mills.  (9)  End  mills  should  have  wide  flutes  to  per¬ 
mit  unre8trictive  chip  flew.  Helical-type  end  mills 
give  better  performance  than  the  straight- tooth 
designs.  (^0) 

In  profile  or  pocket  milling,  cutters  are  fed 
gradually  into  the  work  tc  keep  them  from  grabbing 
and  breaking.  Chip  crowding,  chip  disposal,  and 
tool  deflec,:on  can  be  problems  during  this  ma¬ 
chining  operation. 

Pocket  milling  is  best  done  with  the  cutter  axis 
in  a  horizontal  plane  to  avoid  recutting  of  chips  and 
to  give  better  chip- removal  condition. 

The  proper  combinations  of  hand  of  helix  and 
hand  of  cut  should  be  considered  to  avoid  defection 
of  the  cutter  in  the  direction  of  an  increasing  depth 
of  cut.  The  choice  depends  on  the  type  of  milling 
being  done  For  example,  wher.  milling  slots. 


where  the  end  of  the  cutter  is  in  contact  with  the 
work,  'he  hand  of  the  helix  and  the  hand  of  the  cut 
should  be  the  same.  This  means  a  right-hand 
helix  for  a  right-hand  cut,  or  a  left-hand  helix 
for  a  left-hand  cut.  When  profile  milling,  where 
the  periphery  of  the  cutter  is  doing  the  cutting, 
the  opposite  is  true--i.  e.  ,  left-hand  helix  for  a 
right-hand  cut  and  vice  versa. 

Gutter  diameter  in  pocket  milling  depends  on 
the  radius  needed  on  the  pockets.  Due  to  an  inher¬ 
ent  lack  of  rigidity,  end  mills  should  be  as  short  as 
practicable,  and  their  shank  diameters  should  equal 
their  cutting  diameters.  ^ 

High-speed  steel  cutters  are  normally  used 
for  end  milling,  slotting,  and  profile- milling  oper¬ 
ations. 

The  shank  of  end  mills  shoul  d  be  softer  than 
the  cutter  flutes  to  avoid  breakage  between  shank 
and  flutes.  (^4) 

Tables  3-1.  >.9.2-1,  3-1.  1. 9.2-2, 

3-1.  1.  9.  2-3,  and  3-1.  1.  9.  2-4  provide  cutting  data 
on  peripheral  milling,  slotting,  profile  milling,  and 
pocketing  with  high-speed  steel  and  colid  carbide 
cutters.  Figure  3-1.1.  9.  2- 1  illustrates  the  tool 


TABLE  3- 1.  1. 9. 2-3.  PROFILING  TITANIUM  ALLOYS  WITH  HELICAL  END  MILLS 


TABLE  3-1.  1.9.  2-4.  POCKET  MILLING  TITANIUM  ALLOYS  WITH  HELICAL  END  MILLS(a) 


(i)  From  References  20  and  22. 

(b)  Ann  ■  annealed;  STA  ■  rolutlon  treated  and  aged. 

(c)  AISI  designations  for  high-speed  steel.  See  Figure  3-1. 1.2, 2-1  for  tool  angler  Involved. 

(d)  The  higher  speeds  correlate  with  higher  feeds  and  smaller  depths  of  cut. 

(e)  Lower  feeds  are  needed  for  1/8-tnch  end  mills.  Feeds  between  0. 005  and  0. 008  are  used  for  1-inch  mills. 

(f)  Speed  and  feed  recommendations  for  these  heat  treated  alloys  can  be  increased  30  percent  when  machining  these  alloys  in  the  annealed  condition. 


Topi  Geometry  Code: 

A 

B 

C 

D 

E 

F 

G 

H 

Helix,  deg 

39 

45 

30 

30 

15 

30 

30 

30  ±3 

Radial  Rake ,  deg 

10 

10 

10 

10 

0 

0  to  +4 

10 

12  ±2 

End  Clearance,  deg 

12 

<aj 

15 

5  to  « 

12 

(a) 

3 

5  to  8<b> 

Peripheral  Clearance,  deg 

5 

4  to  15 

(a) 

5 

12 

6 

7  to  10 

5  to  12<c> 

End-Cutting  Edge',  deg 

3 

(a) 

<a) 

3 

3 

(a) 

1 

5  to  7(d) 

Corner,  deg  . 

(a) 

(a) 

45  x  0.  040 

45  x  0.  060 

45  x  0.  040 

(a) 

45  x  0.060 

45  x  0.  060<«> 

Noee  Radius,  inch 

(a) 

<*) 

(a) 

(a) 

(a) 

<a) 

(a) 

(a) 

(a)  No  data,  (b)  See  "A"  of  Table  3- 1.  1.  9.  2-5.  (d)  See  "C"  of  Table  3-  1.  1.  9.  2-5. 

(c)  See  "B"  of  Table  3-1.  1.9.  2-5.  (e)  See  "D"  of  Table  3- 1.  1.  9.  2-5. 


FIGURE  3-1.  1.9.  2-1.  TOOL-GEOMETRY  DATA  FOR  END  MILLS<7 ' 14,20,22-24,29, 3°) 


nomenclature  and  code*  used.  Table  3-1.  1.9.  2-5 
contains  additional  data  on  end  mills. 

TABLE  3-1.1.  9.  2-5,  TOOL  GEOMETRY  VARIATIONS  FOR  END  MILLS*22* 


A.  End  Clearance  Angles 

C.  End-Cutting  Edge  Angles 

Diameter, 

inch 

2  and  3  Flutes 
Primary 
Clearance, 
degrees 

4  Flutes  and 
Over,  Primary 
Clearance, 
degrees 

All  Mills 
Secondary 
Clearance, 
degrees 

Diameter,  ECEA, 

inch  degrees 

Under  3/8  7 

3/8  thru  3/4  6 

Over  3/4  5 

Under  5/8 

8 

6 

15 

5/8  and  over 

7 

5 

12 

Tolerance:  Basic  *1* 

Tolerance:  Basic  ±1* 

ECEA  also  defined  a*  dish. 

B.  Peripheral  Clearance  Angle* 


Primary 

Secondary 

Primary 

Diameter, 

Clearance, 

Offset, 

Clearance, 

Offset, 

Land  Width, 

inch 

degrees 

inch 

degrees 

inch 

inch 

1/8 

12 

0.013 

20 

0.  022 

0.  006 

3/16 

12 

0.  020 

20 

0.  033 

0.  006 

1/4 

10 

0.  022 

18 

0.  042 

0.  007 

5/16 

10 

0.  028 

18 

0.050 

0.  007 

3/8 

9 

0.  030 

16 

0.  053 

0.  008 

7/16 

9 

0.025 

16 

0.  062 

0.  008 

1/2 

8 

0.  035 

14 

0.  062 

0.  009 

9/16 

3 

0.  040 

14 

0.  069 

0.  0C9 

5/8 

8 

0.044 

14 

0.  077 

0.010 

'  11/16 

7 

0.  043 

12 

0.  073 

0.010 

3/4 

7 

0.046 

12 

0.  079 

0.010 

13/16 

7 

0.  050 

12 

0.  086 

0.  012 

7/8 

7 

0.  054 

12 

0.  092 

0.012 

15/16 

6 

0.  050 

10 

0.  083 

0.014 

1 

6 

0.  053 

10 

0.088 

0.014 

11/4 

6 

0.  066 

10 

0.110 

0,016 

11/2 

6 

0.079 

10 

0.  132 

0.016 

13/4 

5 

0.  077 

10 

0.  154 

0.  018 

2 

5 

0.  083 

10 

0. 176 

0.  018 

Tolerance 

Diameter, 

Primary, 

Secondary, 

Lard  Width, 

inch 

degrees 

degrees 

inch 

Under  1/2 

42 

Basic 

Basic  ±Z 

+0.003 

-0.000 

1  / 2  and  over 

_  •  +2 

B*aic  -0 

Basic  *2 

+0.  004 
-0.  000 

D.  Corner  Angle  Clearance  and  Chamfer 


Primary 

Secondary 

Primary 

Diameter, 

Clearance, 

Clearance, 

Land  Width, 

inch 

degrees 

degrees 

inch 

Chamfer 

1/8  thru  5/16 

12 

24 

0.015 

45*  x  0.015 

3/8  thru  5/8 

9 

2Z 

0.  025 

45*  x  0.  030 

11/16  thru  1 

6 

20 

0.  035 

45*  x  0.  060 

Over  1 

6 

18 

0.  050 

45'  x  0.069 

Tolerance:  Cl. 

Angle;  Basic  *1*; 

Land  Width  Basic, 

+0. 006  _.  , 
-0.000'  CUm£esr’ 

±16  40.005 
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3-1,1.10  Peripheral  Milling  Operations 
3-1.1.10.0  Introduction 

Peripheral  milling  operations  utilize  the 
cutting  action  of  teeth  located  on  the  periphery  of 
the  cutter  body.  Arbor-mounted  cutters  used  for 
such  operations  include  plain  mills,  helical  mills, 
slab  mills,  form- relieved  cutters,  formed- 
relieved  cutters,  side  mills,  and  slotting  cutters. 


Carbide  cutters  are  preferred  for  spar 
milling  because  of  the  higher  production  rates 
attainable--except  under  conditions  where  the  in¬ 
herent  brittleness  of  the  carbide  precludes  its  use. 
Helical  cutters  are  recommended.  They  provide 
wider  and  thinner  chips  than  do  the  corresponding 
straight- tooth  types.  In  slab  milling,  six  cutting 
edges  per  inch  diameter  allows  heavier  feeds  and 
longer  tool  lives  than  the  conventional  three  cutting 
edges  per  inch  diameter. 


It  should  be  noted,  however,  that  face  mills 
are  usually  more  efficient  in  removing  metal  from 
flat  surfaces  and  produce  them  more  accurately  than 
plain  milling  cutters  do.  Faster  feed  rates  are 
also  possible  with  face  mills  because  they  are  more 
rugged.  In  addition,  the  complicated  supports 
usually  required  for  arbor-mounted  cutters  are 
unnecessary  when  face  mills  are  employed. 


3-1.1.10.1  Spar  or  Slab  Milling 


\ 


Spar  or  slab  milling  is  uaedtto  bring  extru¬ 
sions  into  aircraft  tolerance  and  td  provide  a  good 
surface  finish.  The  operation  can  be  performed 
on  a  heavy-duty  fixed-bed  mill  likelthe  Sundstrand 
"Rigidmil".  Large  bed  mills,  however,  may 
have  adequate  feed  ranges.  \ 

Spars  and  similar  sections,  being  relatively 
long  and  thin,  require  special  considerations.  As- 
received  extrusions  may  need  straightening  before 
machining,  since  extrusion  straightness  tolerances 


exceed  mill  fixture  and  part  tolerances' 


(5) 


Rigid  setups  ara  necessary,  but  s^>ar  extru¬ 
sions  should  not  be  forced  into  a  fixture.!  Spars 
may  be  straightened  mechanically  if  the  distortion 
is  not  too  severe.  Otherwise,  they  shoulp  be  hot 
straightened  in  fixtures.  ^ 

When  arbor- mounted  cutters  are  being  used, 
the  arbor  should  be  of  the  largest  possible  diame¬ 
ter,  and  should  be  supported  on  each  side  oft  the 
cutter  with  over-arm  supports.  Furthermore,  the 
arbor  should  have  just  the  proper  length  required 
for  the  number  of  cutters  mounted  and  the  arl5pr 
support  employed.  Arbor  overhang  beyond  thd 
outer  support  should  be  avoided  because  it  is  con¬ 
ducive  to  chatter  and  vibration.  Finally,  cutters 
should  be  mounted  as  close  to  the  column  face  of 
the  milling  machine  as  the  work  will  permit.  W 


Slab  milling  cutters  should  be  mounted  so  that 
the  cutting  forces  will  be  absorbed  by  the  spindle  ( 
of  the  machine.  This  is  accomplished  by  using 
cutters  with  a  left-hand  helix  for  a  right-hand  cut, 
and  vice  versa.  When  two  milling  cutters  are  used 
end-to-end  on  the  arbor,  cutters  having  helixes 
of  opposite  hand  to  the  cut  involved  should  be  used. 
This  setup  neutralises  the  cutting  forces  that  tend 
to  push  the  cutters  away  from  the  arbor. 


The  unit  feed3  range  between  0.  004  to  0.  012 
ipt,  depending  on  the  finish  desired.  However,  too 
light  a  feed  can  produce  red-hot  chips,  which  can 
cause  a  fire  hazard. 

When  extrusions  are  being  clean  up,  only 
about  0.  05- inch  depth  of  cut  cun  be  taken  in  order 
to  reduce  material  costs.  Hence,  for  long  parts, 
the  feed/speed  combination,  which  gives  the  most 
economical  metal  removal  based  on  machines 
available  and  cutting  tool  inventory,  should  be 
used. 


Table  3-1.  1.  10.  1-1  gives  machining  data 
used  for  slab  milling  commercially  pure  titanium 
and  several  titanium  alloys. 

3-1.2  TURNING  AND  BORING  OPERATIONS 

Turning,  facing,  and  boring  operations  on 
titanium  are  essentially  the  same,  and  no  unusual 
difficulties  are  experienced  with  any  of  them. 

They  give  less  trouble  than  milling,  especially 
when  cutting  is  continuous  rather  than  intermittent. 
The  same  speeds  used  for  turning  can  be  used  for 
boring  and  facing  cuts.  However,  in  most  cases, 
the  depths  of  cut  and  feeds  will  have  to  be  reduced 
during  boring  because  of  an  inherent  lack  of  rigidi¬ 
ty  of  the  operation. 

The  problems  to  be  minimized  in  turning- 
type  operations  include  high  tool- tip  temperatures, 
and  the  galling  and  abrasive  properties  of  titanium 
toward  tool  materials.  They  can  be  avoided  by 
following  the  precautions  listed  in  Section  3-0.  1.2 
and  the  suggestions  given  below.  The  conditions 
identified  in  this  section  for  turning  should  be 
suitable  for  boring  with  cingle-point  tools. 

3-1.2.  1  Lathe  8 

A  modern  lathe  in  good  condi;»on  provides 
production  rates  of  five  to  ten  times  the  rates 
possible  with  older  machines.  Vibration  and  lack 
of  rigidity  are  common  problems  with  older 
equipment.  Furthermore,  the  over-all  range  of 
spindle  speeds  available  on  many  of  the  existing 
lathes  is  not  broad  enough  to  cover  some  of  the 
lower  speeds  needed  for  titanium. 

Lathes  should  have  either  a  variable- speed 
drive  for  the  spindle,  or  the  spindle  gear  train 
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TABLE  3-1. 1. 10. 1-1.  SLAB  MILLING  TITANIUM  ALLOYS  WITH  HIGH-SPEED  STEEL  PERIPHERAL  MILLS(»> 


Rough  Machining 

Depth  of  Cut:  o.  150  inch 

Finish  Machining 

Depth  of  Cut:  0.  025  inch 

AICI 

Type 

Titanium  Alloy 

Alloy 

Condition^) 

Brinell 

Hardness 

Cutting  Speed, 
fpm 

Feed,  ipt 

Cutting  Speed, 
fpm 

Feed,  i;>t 

High-Speed 

Steel 

Commercially  pur: 

Ann. 

110-170 

110 

0.  008 

153 

0.  004 

M2,M7 

Commercially  pure 

Ann. 

140-200 

90 

0.006  ' 

125 

0.  004 

M2,  M? 

Commercially  pure 

Ann. 

200-27S 

65 

0.006 

100 

0.  004 

M2.M7 

Ti-8Al-lMo-lV 

Ti-5Al-5Sn~5Zr  "J 

Ann. 

320-370 

25 

0.006 

35 

0.  034 

TI5,  M33 

T1-5A1-2. 5Sn  V 

Ti-7Al-2Cb-lTa  J 

Ann. 

300-340 

45 

0.  006 

55 

0.004 

T15.M33 

Ti-4Al~3Mo-lv} 

Ann. 

300-540 

45 

0.006 

55 

0.004 

T15,  M3  3 

STA 

375-420 

20 

0.  006 

30 

0.004 

Ti-7Al-12Zr  "1 
Ti-6A1-4V  > 

Ann. 

310-330 

35 

0.006 

45 

0.  004 

T15,  M33 

Ti-8Mn  J 

STA 

350-4C3 

30 

0.006 

40 

0. 004 

Ti-7Al-4Mo  \ 

Ann. 

320-370 

25 

0.  006 

35 

0.  004 

T15,M33 

Ti-6Al-6V-2SnJ 

STA 

375-420 

20 

0.006 

30 

0.  004 

Ti-13V-llCr-3Ai} 

Ann 

310-250 

20 

0.006 

30 

0.004 

T15,  M33 

STA 

375-440 

20 

0.006 

rrsryi,  u.. 

25 

0. 004 

(*)  From  Reference (2 4 

(b)  Ann.  » annealed:  STA  «  solution  treated  and  aged. 


should  have  a  geometric  progression  of  1.  2  or  less 
in  order  to  provide  speed  steps  of  20  percent  or 
le3s  for  more  precise  speed  selections.  The  trend 
in  new  lathes  is  toward  variable- speed  drives. 
Rigidity,  backlash  elimination,  dimensional 
accuracy,  rapid  indexing  of  tools,  and  flexibility 
are  additional  features  that  are  being  empha¬ 
sized.  09) 

Th<~  application  of  numerical  control  in 
turning  is  rapidly  spreading.  On  lathes  equipped 
with  tracer  control  or  rumerical  control,  variable- 
speed  and  feed  features  can  be  added  so  that  the 
speed  and  feed  can  be  optimized  during  contouring 
operations.  09) 


Chip  breaking  devices  should  be  used  for  • 
good  chip  control. '  ' 

Figure  3.  1.2.  2-1  explains  the  nomencla¬ 
ture  used  for  single-point  cutting  tools. 

Table  3-1.  2.2-1  shows  the  tool  geometries  used 
when  turning  titanium.  Cutting  tools  should  be 
carefully  ground  and  finished  before  use.  Nor¬ 
mally,  this  means  that  tool  surfaces  over  which 
chips  pass  should  possess  a  good  finish,  with  the 
direction  of  finishing  corresponding  to  the  chip- 
flow  direction.  A  rough  surface  can  cause  a  pro¬ 
perly  designed  tool  to  deteriorate  rapidly.  The 
life  of  a  carbide  tool  can  be  extended  if  the  sharp 
cutting  edge  is  slightly  relieved  by  honing.^*®) 


Lathes  with  10-horsepower  ratings  should  be 
ample  for  most  turning  operations.  Workpieces 
ranging  between  1  inch  and  10  inches  in  diameter 
can  be  turned  on  a  standard  or  heavy-duty  1610 
engine  lathe.  These  lathes  have  a  range  of  spindle 
speeds  that  almost  meet  the  requirements  pre¬ 
viously  described.  '*9) 

3-1. 2.  2  Cutting  Tools,  Tool  Design,  and  Tool 
Quality 

Standard  lathe  tools  sre  uo«.d  for  turning 
titanium;  they  are  available  a  variety  of  shapes, 
sizes,  tool  angles,  and  tool  materials.  High-speed 
steel,  carbide,  and  cast  alloy  tools  can  be  used.  (®? 

Tool  angles  are  important  for  controlling  chip 
flow,  minimizing  smearing  or  chipping,  and  maxi¬ 
mizing  heat  dissipation.  The  rake  angles  and  the 
side- cutting- edge  angle  determine  the  angle  of 
inclination  and  chip  flow.  Relief  angles,  together 
with  tbs  rake  angles,  control  chipping  and  smear¬ 
ing. 

Positive,  zero,  or  negative  rake  angles  can 
be  uted,  depending  on  the  alloy,  heat-treated 
condition,  the  tool  material,  and  machining  oper¬ 
ation.  The  side  rake  is  the  important  angle,  posi¬ 
tive  rakes  being  best  for  finish  turning  and  high¬ 
speed  steel  tools,  and  negative  rakes  for  carbide 
tools  at  heavier  feeds. 

The  side-cutting  edge  angle  influences  ths 
cutting  temperature  near  the  cutting  zone.  Larger 
angles  reduce  cutting  pressure  and  present  longer 
tool  edges.  The  reduced  pressure  minimizes 
heat  formation;  longer  cutting  edges  allow  a  greater 
amount  of  heat  dissipation.  Hence,  higher  values 
of  the  side-cutting  edg*  angle  generally  permit 
greater  feeds  and  speeds--unles3  chipping  occurs 
as  the  cutting  load  is  applied  or  removed. 

Relief  angles  between  5  and  12  ccgrees  can 
be  used  on  titanium.  Angles  less  than  5  deg  <tes 
encourage  smearing  of  titanium  on  the  flank  ot  the 
tool.  Relief  angles  around  10  degrees  are  better, 
although  some  chipping  can  occur. 


3-1.2.  3  Tool  Materials 

High-speed  steel,  cast  alloy,  and  cemented 
caibide  cutting  tools  are  suitable  for  lathe  turning 
titanium.  Ceramic  tools  have  not  proved  success¬ 
ful  for  titanium  machining.  (31) 

Experience  indicates  that  high-speed  steel 
tools  are  best  suited  for  form  cutting,  heavy 
plunge  cuts,  interrupted  cutting,  and  minimum 
rigid  setup  conditions.  Carbide  tools  are  nor¬ 
mally  used  for  continuous  cutting  situations, 
high-production  items,  extensive  metal- removal 
operations,  and  scale  removal.  Nonferrous  cast 
alloy  tools  are  suitable  for  severe  plunge  cuts, 
machining  to  dead  center,  and  producing  narrow 
grooves. 

High-speed  steel  and  cast  alloy  tools  should 
be  ground  on  a  tool  grinder  to  the  tool  geometry 
needed.  The  same  is  true  for  carbide  tools;  how¬ 
ever,  off-the-shelf  brazed  and  throwaway  carbide 
tools  may  fit  the  rake,  lead,  and  relief  angle  re¬ 
quirements  and  are  convenient  to  use. 

Brazed  tools  may  be  purchased  in  standard 
sizes  ami  styles,  as  shown  in  Table  3-1.  2,  3.  1, 
or  they  can  be  made  up  in  the  shop.  However, 
the  performance  of  mechanically  clamped  inserts 
is  at  least  as  good  as  that  of  brazed  tools,  and 
consequently  are  recommended  because  of  their 
lower  cost  per  cutting  edge. 

Throwaway  carbide  inserts  are  designed  to 
be  helfi  mechanically  in  either  positive-  or 
negative-' rake  tool  holders  of  varicur  styles  and 
shank  sizes.  Information  and  data  on  available 
tool  holders  are  given  in  manufactures ’  brochures. 
The  general  coding  system  for  mechanical  tool 
holders  is  explained  in  Table  3-1.  2.  3-  2.  The 
tool  geometries  available  for  solid-base  tool  hold¬ 
ers  and  suitable  for  titanium  are  shown  in  Table 
3-1.  2.  3-3. 

Substantial  reductions  in  costs  are  claimed 
by  users  of  throwaway  tooling.  Factors  contri¬ 
buting  to  this  saving  include; 
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FIGURE  3-1.  2.  2-1.  TOOL- GEOMETRY  COMENCLATURE 


TABLE  3-1.  2.  2-1.  TOOL-GEOMETRY  DATA  (7> 


Tool  Anti et  and  Kmc  kadlut  for  Indicated ITool-Geornear  Code 


bckhbt,  degree: 

45  to  -5 

♦5  to  -5 

0 

0 

0  to  45 

0  to  410 

44  to  410 

4®  »  415 

a  vie  !U.V.  degree* 

-5 

*6  to  0 

0  to  -4 

46 

5  or  8 

15 

48  to  415 

0  *0  410 

0  to  415 

410  to  f20 

lad  Belief,  degree* 

S 

5-10 

8-10 

5 

5 

5-7 

8-8 

e-io 

5-8 

Side  BelieT.  degree: 

s 

5-10 

8-10 

5 

5 

5-7 

8-8 

6-10 

5-8 

Ead'C-jniag  Edgw, 

15-45 

S-15 

5-10 

15  or  5 

10  to  16 

5-7 

5-10 

5-15 

5-15 

degree* 

Side -Cw  ting  Edge 

15-45 

5-20 

0-45 

15 

IS  to  45 

15-20 

o-so 

0-45 

0-30 

(teed),  degree: 

tlceeSsdiw,  iach 

1/32-3/84 

03-04 

03-04 

V«* 

V84 

02-03 

03-04 

01 -Cl 

(1)  Reduced  tool- grinding  coat* 

(?.}  Reduced  tool-changing  costs 

(3)  Reduced  scrap 

(4)  Increased  use  of  harder  carbide*  for 
longer  tool  life  or  increased  metal- 
removal  rates 

f5)  Savings  through  tool  standardisation 

{&}  Maximum  carbide  utilisation  per  tool 
dollar. 

Disposable-type  carbide  (C-2)  inserts  in 
heavy-duty  negative  rake  tool  holders  provide 
maximum  metal  removal  at  minimum  cost  in  turn¬ 
ing. 


Carbide  cutting  tools  are  the  most  sensitive 
to  chipping  and  hence  require  "over-powered", 
vibration- free  lathes,  as  well  as  more- rigid  tool- 
work  setups.  If  these  conditions  cannot  be  met, 
then  high-speed  steels  must  be  used. 

3-1.  2.  4  Feeds 

The  three  cardinal  rules  for  feeding  prac¬ 
tices  when  turning  titanium  are: 

(1)  Always  use  constant,  positive  feeds 

(2)  Avoid  dwelling  in  the  cut 

(3)  Nev"*r  stop  or  slow  up  in  the  cut. 
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TABLE  3- 1.  2.  3- 1.  TOOL  GEOMETRIES  OF  BRA¬ 
ZED  CARBIDE  TOOLS*7* 


Tool  Geometry 

Style  of  Tool 

A 

B 

C 

D 

E 

Back  rake 

0 

0 

0 

0 

0 

Side  rake 

+7 

+7 

0 

G 

0 

End  relief 

7 

7 

7 

7 

■7 

Side  relief 

7 

7 

7 

7 

7 

ECEA 

8 

15 

-- 

50 

60 

SCRA 

0 

15 

— 

40 

30 

TABLE  3-  • .  2.  J-  Z.  EXPLANATION  OF  GENERAL  CODING  SYS- 
TEfct  FOR  MECHANICAL  TOOL  HOLDERS'7' 


Company 

Identification 

Shape  of 
Incort 

Lead 

Ancle 

Rake 

An*l« 

Type 

Cs, 

<v> 

T 

B 

<h) 

R  or  L 

<4 

a 

A 

<b) 

R  or  L 

(a) 

p 

A 

<b> 

X  or  L 

<*) 

s 

B 

(b! 

R  or  L 

(•) 

L 

a 

<bS 

S  or  L 

T  A  T  * 


Shjtge  of  Iceerl  Lead  Aoglo  mt  Tool  Style 

T  *  triangle  A  *  C~ degree  tuvzinf, 

A  *  round  B  ■«  15-u4gree  laud 

P  *  parallelogram  O  *  ?0-£sgree  1 

S  *  square  E  *  $5-*legroe  1-fad 

L  *  rectangle  F  e  facing 

C  «  0-d*g>cfi  offeel  Jurning 

{a)  Some  producers  place  a  letter  aer*  for  company  identification, 
(b)  Some  companies  use  tt»«  Utter  "T"  for  negative  rake,  "P**  for 
pocitiva  rake,  and  sometimes  rf-dd  "S"  to  indicant  'solid-bare" 
holders.  Vor  sswmplo,  a  TATR  designation  denotes  a  tool 
holder  for  a  triangular  insert  mounted  in  such  a  way  to  give  * 
0- degree  lead  angle,  and  a  5  •*gree  negative  rakr  The  "XV 
denotes  a  right-hand  cut. 


Type  Cat 

R  *  right  band 
L  »  left  hand 
N  *  neutral 


The  metal  removal  rate  and  surface  finish  re¬ 
quirements  will  determine  the  amount  of  feed  to  bs 
taken;  heavy  feeds  for  higher  metal- removal  rates, 
light  feeds  for  better  surface  finishes.  *s* 


3-1.  2.  5  Depth  of  Gut 


The  choice  of  cut  depth  will  depend  on  the 
amount  of  metal  to  be  removed  and  the  metai- 
removal  rate  desired.  In  removing  scale,  th*  tool 
should  get  unde?  the  icale  and  cut  at  least  u.  020 
inch  deeper  than  the  tool  radius.  *"**  For  rough 
cuts ,  the  nose  of  the  tool  should  get  below  any  hard 
skin  or  oxide  remaining  from  previous  processing 
operations.  In  finish  turning,  light  cats  should  be 
used  for  the. best  finish  and  ths  closest  toler¬ 
ances.  * 


3- 1.  2.  6  Cutting  Speed 

Tool  life  when  turning  titanium  is  more  sen¬ 
sitive  to  cutting  speed  than  to  any  other  machining 
variable.  However,  and  fortunately  for  titanium, 
high  speeds  are  not  necessary  for  producing  good 
finishes.  Hencu,  telatively  low  cutting  speeds 
compared  to  those  associated  with  conventional 
metals  are  used  to  obtain  reasonable  tool  life  for 
titanium.  *L8) 

3- 1.  2.  7  Catting  Fluids 

Cutting  fluids  are  almost  always  used  during 
turning  and  boring  operations  to  cool  the  tool  and 
to  aid  in  chip  disposal.  Dry  cutting  is  done  in  only 
a  very  few  instances,  usually  where  chip  contamin¬ 
ation  is  objectionable.  Dry  cutting  is  not  recom¬ 
mended  for  semifinishing  and  finishing  operations 
on  titanium. 

Water- base  coolants  are  the  most  satisfac¬ 
tory  cutting  fluids  used  for  turning  titanium. 
Specifically,  a  5  percent  solution  of  sodium  nitrate 
in  water  gives  the  best  results,  while  a  1:20 
soluble-oil-in-water  emulsion  is  second  best. 
Sulfurincd  oils  may  be  used  at  low  cutting  speeds, 
hut  precautions  must  be  taken  to  avoid  possible 
fires.  A  full,  steady  flow  of  cutting  fluid  should 
be  maintained  at  the  cutting  site. 

3- 1.  2.  8  Control  and  Inspection 

When  setting  up  a  turning  operation,  the 
work  should  be  firmly  chucked  in  the  collet  of  the 
spindle  and  supported  by  the  tail  stock  with  a  live 
center.  The  tool  should  be  held  firmly  in  a  flat- 
base  holder  and  set  to  cut  on  dead  center.  Ma¬ 
chining  should  be  done  as  closely  as  possible  to 
the  spindle  for  minimum  work  overhang.  A  steady 
rest  or  follow  rest  should  be  used  tc  add  rigidity 
to  slender  parts. 

During  machining,  chips  should  be  expelled 
frem  the  work  area  as  promptly  as  possible,  par¬ 
ticularly.  during  boring.  Chips  lying  on  the  surface 
tend  to  produce  chatter  and  poor  surface  finishes. 

The  tool  should  be  sjeamined  frequently  for 
nicks  or  worn  flanks.  These  defects  promote  gal¬ 
ling,  increase  cutting  temperature,  accelerate 
tool  wear,  and  jacrea.se  residual  stresses  in  the 
mac Inncd  surface. 

Arbitrary  tool- chaagittg  schedules  arc  de¬ 
sirable.  Usually,  this  means  replacing  .arbide 
tools  after  0.  015-inch  wecrlsnd  in  .rough  turning, 
and  0.  010-inch  wearland  in  finish  turning.  High¬ 
speed  steel  tools  are  replaced  after  a  u'eaxifmd  of 
0,  03C  inch  js  developed.  When  periodic  interrup¬ 
tions  are  made  in  a  machining  operation  j  before 
the  maximum  waarland.  occas-e.  any  weided-on 
metii,  nicks,  and  crevices  should  fc*i  removed 
by  honing,  0,8,11^0,22*23,3*} 
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TABLE  3-:.  2.  3-3.  1  OOL  GEOMETRIES  Of  SOLID-BASE  TOOL  HOLDERS  FOR 
THROWAWAY  INSERTS*7^ 


Negative  Rake  Teels 

Positive  Rake  Tools 

Back  rake  angle; 

5  degrees 

Back- rake  angle:  0  degrees 

Side-  rake  angle: 
End-  relief  angle; 

5  degrees 
;  5  degrees 

Side- rake  angle:  5  degrees 

End- relief  angle:  5  degrees 

Side- relief  angle 

:•  5  degrees 

Side- relief  angle:  5  degrees 

Tool 

Holder  Type  ECEA*b> ,  SCEA(c}, 

Style*4)  Insert*3)  degrees  degrees 

Tool 

Holder  Type 
Style*4)  Insert*4) 

ECEA*b). 

degrees 

SCEA*°), 

degrees 

T 

5  0 

A 

T 

3 

0 

T 

3  0 

A 

T 

3 

0 

,  , 

R 

8  0 

-- 

-- 

-- 

B 

T 

23  15 

B 

T 

23 

15 

B 

T 

18  15 

B 

S 

15 

15 

B 

S 

15  15 

B 

T 

20 

15 

B 

T 

20  15 

-- 

-- 

-- 

-- 

D 

T 

35  30 

r* 

T 

35 

30 

E 

S 

45  45 

-- 

-- 

-- 

-- 

F 

T 

0  0 

F 

T 

0 

0 

F 

S 

lc  0 

F 

S 

15 

0 

G 

T 

3  0 

G 

T 

3 

0 

(a)  See  Tab)-  3-1.2.  3-2  for  explanations  under  "Lead  Angle  or  Tool  Style". 

(b)  End- cutting- edge  angle. 

(c)  Side-cutting-edge  angle. 


Sn'.rp  e^gea  of  turned  titanium  surfaces  are 
potential  so'  rces  of  failure.  Hence,  they  should 
oe  ‘'broken"  with  a  wet  file  or  wet  emery.  This 
operation  should  not  be  dona  dry  or  with  oil  be 
,«*'  ri  a  potential  fire  hazard.*)) 

A.-te.  c  rtaua  turning  operations ,  par's  may 
stress  relieving.  *•)  The  following  treat- 
.T. erit *  are  suggested: 

Atir.ea'.  »{\e-  t^agh  machining 
Strejis  relieve  thm-wail  parts  after  stmt- 
::n.*r  operation* 

Stress  relieve  all  ftnubec  parts. 


holes,  or  smeared  holes  are  the  apparent  results, 
with  subsequent  tap  breakage  ?f  the  holes  are  to  be 
threaded. 

These  problems  can  be  min'mized  l.y: 

(1)  Using  short,  sharp  drills 

(2)  Supplying  cutting  fluids  to  the  cutting 

zone 

(o)  Employing  low  speeds  and  positive  feeds 
(4)  Supplying  solid  support  to  the  workpiece, 
especially  on  the  exit  side  of  the  dril¬ 
led  hole,  where  burrs  otherwise  would 
form. 


Dust  os  »peec«,  feeds,  and  depths  of  cut  for 
:  -  rt-  dt»  h:{..-*pee^  steel  tools  are  shown  ir 
3-  .  i  }•!  ar  i-  1  2.  3- 1 
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Is*,  rod-r  t.ce. 


'  *  -r-  1  ir  .  o->  techniques 

/-  «  „  rr-  •«»«;*..'»  :;r  stner  '-ater.ais  Thin 
•  ;  *  -- v  _».$  tnrs  ir«  l.celr  to  'old 

-e-i  :-i  ■'  '-*«  ir..._  the 

-f4  *-  -oe  .  ‘  tan  -  c«atss.ted  tv  high 

-  s*  *  -  p*  -  at.,  r  <-»  •£.  r~*  *  -re  *  .  prods. e» 

*i  t  -i«.  sole  a  tare  red 


3- i.  3.  1 


Machine  Tools  for  Drilling 


Drilling  machines  must  be  sturdy  and  rigid 
enough  to  withstand  the  thrust  and  torque  forces 
built  up  during  the  cutting.  Hci.ce,  the  spindle 
overhang  should  he  no  greater  than  necessary  for 
a  given  operation.  In  addition,  excessive  clear¬ 
ances  m  spindle  bearings  cannot  be  tolerated.  Thj 
radial  and  thrv«t  bearings  should  be  good  enough 
to  minimize  runout  and  end  play.  FnaLly,  the 
feed  mechanism,  should  be  !  ee  of  backlash  in 
order  to  reduce  the  strain  on  tivt  dr. II  when  it 
break*  through  the  worxptece.  ^»8,?5. 36) 

Macliies  for  dr-.'.ing  -.per atior.o  are  made 


TABLE  3-1.2. 8-1.  FINISH  TURNING  OF  TITANIUM  ALLOYS**) 


Depth  of  Cut:  0.  025  to  0. 10  inch 
Feed:  0.  005  to  0.  010  ipr 


High-Speed  Steel  Tool»*c> 

C-3,  C-2  Carbide  Tools**) _  Cutting 

Alloy  Tool  Cuttir  g  Speed!*),  ipm  Tool  Speed**), 

Titanium  Alloy  Co.idition(b)  Geometry*4))  Brazed  Tools  Throwaway  AI3I  Steels  Geometry**))  ipm 


Commercially  pure 

Ann. 

A,  D 

450-500 

500-550 

T15,  M3 

D 

200-250 

(110-170  Bhn) 

Commercially  pure 

Ann. 

D 

375-425 

425-475 

T 1 5,  M3 

D 

160-180 

(140-200  Bhn) 

Commercially  pure 

Ann. 

D 

250-275 

310-350 

T15,  M3 

D 

100-110 

(200-275  Bhn) 

Ti-8Al-lMo-lV 

Ann. 

A,D 

90-155 

165-185 

M3,  T5,  T15 

D,F,G 

20-50 

Ti-5Al-5Sn-5Zr  "| 

M5 

T1-5A1-2. 5Sn  V 

Ann. 

A,  B,  D 

165-215 

220-250 

T5 

D,F 

40-80 

Ti-7Al-2Cb-lTa  J 

T15 

Ti-4Al-3Mo-lV 

Ann. 

A 

165-215 

225-250 

M3,  T5,T15 

D,F 

45-80 

STA 

A 

100-120 

120-150 

F 

40-50 

Ti-7Al-12Zr  'i 

Ann. 

A,D,G 

150-170 

180-210 

M3,  T5, 

D,F 

45-70 

T1-6A1-4V  V 

T15 

Ti-8Mn  J 

STA 

A,  D 

120-145 

160-185 

M3,  T15 

D,F 

25-65 

Ti-7Al-4Mo  1 

Ann. 

A 

130-155 

165-185 

M3,  T15 

D,F 

50-60 

Ti  •6Al-6V-2Snj 

STA 

A 

100-120 

120-150 

T15 

E,F 

30-50 

TI-13V-1  lCr-3Al } 

Ann. 

A 

100-125 

120-150 

M3,  T15 

D,F 

25-35 

STA 

A 

80-100 

100-120 

T15 

E,F 

20-35 

(a) 

*b) 

(c) 


Refs.  (8,  11,  23,  33,  34). 

Ann.  *  annealed;  STA  =  solution  treated  and  aged. 

CISC  designations  used  for  carbides;  AISI  designations  for  higu-spced  steels. 
See  Table  3-1."  2-1  for  tool  angles  involved. 

Higher  speeds  are  associated  with  lower  feeds  and  lower  depths  of  cut. 


i 


t 

I 

I 


mntm 
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TABLE  3-1.2. 8-2.  ROUGH  TURNING  OF  TITANIUM  ALLOYS^) 

Depth  of  Cut:  0,  10  to  0.  25  inch 
Feed:  0.  010  to  0.  015  ipr 


High-Speed  Steel  Toole  (c) 


Titanium  Alloy 

Alloy 

Condition(h) 

C-2 

Tool 

Geometry(d) 

Carbide  Tool*(c) 

Cutting  Speed(e),  'pm 
Brazed  Tools  Throwaway 

Tool 

Material 

Tool 

GeometryW 

Cutting 

Speed(®*, 

ipm 

Commercially  pure 

Aim. 

A,  F,  G 

400-450 

450-500 

T15,  M3 

D 

175-200 

(110-170  Bhn) 

Commercially  pure 

Ann. 

A 

325-375 

375-425 

T15,  M3 

D 

140-160 

(140-200  Bhn) 

Commercially  pure 

Ann. 

A 

225-250 

275-310 

T15,  M3 

D 

90-100 

(200-275  Bhn) 

Ti-8Al-lMo-lV 

Ann. 

A,  F,  G 

70-140 

150-200 

M3.T5.T15 

B,E,  F,  G 

20-60 

Ti-5Al-5Sn-5Zr  ") 

Ti-SAl-2. 5Sn  V 

Ann. 

A,  F,  G,  H 

140-180 

140-220 

M3,  T5,  T15 

B,E,K,F 

30-80 

Ti-7Al-2Cb-lTa  J 

Ti-4Al-3Mo-lV 

Ann. 

A 

150-180 

185-220 

M3,  T5,  T15 

B 

60-80 

STA 

A 

80-100 

100-120 

T15 

E 

30-40 

Ti-7Al-12Zr  ") 

Ann. 

A,  F,  G,  I 

140-150 

180-200 

M3,  T5,  T15 

B,  E,  L 

35-70 

TI-6A1-4V  > 

Ti-8Mn  J 

STA 

A,F,G 

100-120 

150-160 

M3,  T5 

B,E 

30-55 

Ti-  7Al-4Mo  \ 

Ann. 

A 

110-130 

150-165 

M3,  T15 

B,F 

40-60 

Ti-6Al-6V-2Sn  J 

STA(f) 

A 

80-120 

100-120 

T15 

C,  E,  F 

25-40 

Ti-13V-llCr-3Al} 

Ann. 

A 

80-100 

100-120 

M3,  T15 

B,  F 

20-25 

STA<f) 

A 

60-100 

80-100 

T15 

D,F 

20-25 

(a)  Refe.  (8,  11,  23,  33,  34). 

(b)  Ann.  =  annealed;  STA  =  •olutic,  treated  and  aged. 

(c)  CICS  designation*  used  for  carbides;  AISI  designations  for  high-speed  steels. 

(d)  See  Table  3-1. 2.  2-1  for  tool  angles  involved, 

(e)  Higher  speeds  are  associated  with  lower  feeds  and  lower  depths  of  cut. 

(f)  0.010  ipr  max. 
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in  many  different  type*  and  sizes.  Size  or  capacity 
ic  generally  expreaeed  either  in  term*  of  the  larg- 
eat  diameter  disc,  the  center  of  which  is  to  be 
drilled;  or  in  horsepower.  Heavy-duty  machines 
are  exceptions.  They  are  specified  as  the  distance 
from  the  supporting  column  to  the  centerline  of  the 
chuck.  The  horsepower  rating  is  that  usually 
needed  to  drill  cast  iron  with  the  maximum  drill 
diameter. '  '  Suitable  sizes  of  machines  for 

drilling  titanium  include: 

(1)  Upright  Drill  No.  3  or  No.  4 

(2)  Upright  Drill,  Production:  21  inch, 

Heavy  Duty,  5  HP 

(3)  Upright  Drill,  Production:  24  inch, 

Heavy  Duty,  7-1/2  HP 

(4)  Upright  Drill,  Production:  28  inch, 

Heavy  Duty,  10  HP. 

Industry  also  has  recuirements  for  drilling 
parts  at  assembly  locations.  These  needs  are  ful¬ 
filled  by  portable  power-feed,  air  drilling  ma¬ 
chines.  Modern  units  incorporate  positive 
mechanical-feed  mechanism,  depth  control,  and 
automatic  return.  Some  are  self-supporting  and 
self- indexing.  Slow- speed,  high-torque  drill 
motors  are  needed.  Spindle  speeds  between  e30 
and  550  rpm  at  90  psi  air  pre-sure  seem  appropri¬ 
ate  for  high-speed  drills,  while  speeds  up  to  1600 
rpm  have  been  used  for  carbide  drills.  Thrusts 
between  320  and  1000  pounds  are  available  on 
some  portable  drilling  machines. 

Typical  portable  air-feed  drill  units  include 
the  Keller  K-Matic,  the  (Kel.er  Airfeedrill), 
Winslow  Spacematic,  and  the  Quackenbush  de¬ 
signs.  (35,  37,38) 

The  Keller  K-Matic  incorporates  a  positive, 
mechanical-feed  mechanism,  a  depth- control  de¬ 
vice,  and  an  automatic  return  provision.  Drilling 
tests  with  this  design  indicate  that  Class  I  hole 
tolerances  as  low  as  +0.  002  to  -0,  001  can  be  held 
in  a  drill- ream  operation.  (35) 

The  Keller  Airfeedrill  utilizes  a  variable 
pneumatic  feed.  The  air  feed  can  be  adjusted  to 
give  feeds  suitable  for  titanium.  Class  I  hole 
tolerances  also  can  be  held.  (35) 

The  Winslow  Spacematic  is  a  self-supporting, 
self-indexing  unit  capable  of  drilling  and  counter¬ 
sinking  in  one  operation.  The  feed  rates  are  with¬ 
in  those  prescribed  for  titanium,  and  a  *0.  002/ 

0.  001  tolerance  can  be  held,  (35) 

Quackenbush  portable  drilling  machines  also 
can  be  used.  One  style  is  a  500-rptr  pneumatic- 
powered  unit  with  a  positive  rnechanical-feed  me¬ 
chanism  capable  cf  providing  0.  001  ipr  feed,  (37) 


3-1.  3.  2  Drills  and  Drill  Design 

The  choice  of  drills  depends  on  the  drilling 
operation  undertaken.  Heavy-duty,  stub- type 
screw- machine  drills  instead  of  jobbera-length 
drills  are  recommended  for  drilling  operations  on 
workpieces  other  than  sheet.  For- deep-hole 
drilling,  oil-feeding  drills,  or  a  series  of  short 
drills  of  various  lengths,  may  be  employed  in  se¬ 
quence.  Drill  jigs  and  bushings  are  used  whenever 
added  rigidity  is  needed.  (2,11,39) 

Aircraft  drills  like  NAS  907  Types  C,  D,  and 
E  are  usually  used  on  sheet  metal.  The  NAS  907, 
Type  B  drill  can  be  used  where  the  Type  C  drill 
might  be  too  short  because  of  bushing  length  or 

hole  depth.  (7» 35, 37) 

Large  flutes  reduce  the  tendency  for  chips 
to  clog.  The  length  of  the  drill  should  be  kept  as 
short  as  feasible,  not  much  longer  than  the  intend¬ 
ed  hole,  to  increase  columnar  rigidity  and  de¬ 
crease  torsional  vibration,  which  causes  chatter 
and  chipping.  (^>  7,  1 1 » 12, 39) 

Drills  having  conventional  drill  geometry 
and  special  point  grinds  are  used.  This  means  a 
normal  helix  of  around  29  degrees,  just  enough  re¬ 
lief  to  prevent  rubbing  and  pick-up,  a  thinned  web 
to  reduce  drilling  pressure,  a  correct  point  angle 
with  its  apex  held  accurately  to  the  center  line  of 
the  drill,  and  cutting  lips  of  the  same  slope  'and  of 
equal  length.  Special  point  grinds  include  crank¬ 
shaft,  notch- type  drills,  and  split  points  with 
pc3itive  rake  notching.  (8-H) 

Relief  angles  are  of  extreme  importance  to 
drill  life.  Small  angles  tend  to  cause  excessive 
pickup  of  titanium,  while  excessively  large  angles 
will  weaken  the  cutting  edge.  Relief  angles  bet¬ 
ween  7  and  12  degrees  have  been  used  bv  different 
investigators.  (7,7,11, 12,40) 

The  web  is  often  thinned  to  reduce  drilling 
pressure,  W  However,  when  doii.-g  so,  the  ef¬ 
fective  rake  angle  should  not  be  altered.  (7,11,12) 

Point  angles  have  a  marked  effect  on  drill 
life.  The  choice  of  90,  118,  or  135  degrees  will 
depend  on  the  feed,  drill  size,  and  the  workpiece. 
Hence,  it  is  advisable  to  try  all  three  angles  to  find 
which  is  best  suited  for  the  job.  Generally,  blunt 
points  (135  or  140  degrees)  are  superior  on  small- 
size  drills  (No.  40  to  No.  31)  and  on  3heet  metal, 
while  118  degrees,  90  degrees,  or  the  double  angle 
{140  degrees  or  118  degrees  +  90-degree  chamfer! 
seem  best  on  larger  sizes  and  bar  stock.  (7»  *  *  »^0) 

Figures  3-1.  3,  2-1  and  3-1.  3.  2-2  illustrate 
typical  nomenclatures  and  data  for  standard  and 
NAS  907-type  drills.  Table  3-1.  3,  2-1  shows  some 
drill  specifications  used  in  the  aircraft  indus¬ 
try.  (22) 


f  »  / 

t‘  -■!  *  -,■; 

i  *  ml  i-  HO* 

'  '  j 


o 


o 


v.-^/  '-•;7  '  '"‘i '  w>  ’7^‘  *7 

r  -i  ?•*  .\*v,  '  »,  '  *v^  t 


Web  thickness- 


Chisel-edge 

angle 


Land 


Drill  Nomenclature 
Margin 

f-  /-Chisel  edge 
Diameter 


Body 

clearance 


% 

vV 

7' 


Clearance 

angle 


Helix  angle  or 
axial  rake  angle 

Standard  Point  Grind 


Web  thinned 

Example  of  Web  Thinning 


17  : 


Crankshaft  Point  Grind 


A- 6121* 
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Drill  Element 

Drill  Geometry  Code 

X 

y 

Z 

Drill  diameter,  inch 

<1/8 

1/8  -  1/4 

1/4  and  greater 

Helix  angle,  degrees 

29 

29 

29 

Clearance  angle,  degrees 

7  to  12 

7  to  12 

7  to  12 

Point  angle,  degrees 

135 

118,135 

118;  90  or  double  angle 

Type  point 

Crankshaft  (split) 

FIGURE  3-1.  3.  2-  1.  DRILL  NOMENCLATURE  AND  TOOL  ANGLES  USED. 


The  geometry  of  drills  should  conform  to 
recommendations.  If  necessary,  drills  should  be 
reground  accurately  on  a  drill  grinder,  and  the 
point  angle,  relief  angle,  and  web  thickness  re¬ 
checked  (Refs.  (13).  (43).  Drills  should  never  be 
sharpened  by  hand.  (2,35) 


The  apex  of  the  point  angle  should  be  held 
accurately  to  the  center  line  of  the  drill,  and  the 
cutting  lips  should  have  the  same  slope.  This 
combination  avoids  uneven  chip  formation,  drill 
deflection,  and  oversized  holes.  *  ' 


When  dull  drills  are  reconditioned,  re¬ 
sharpening  the  point  alone  is  not  always  adequate. 
The  entire  drill  should  be  reconditioned  to  ensure 
conformance  with  recommended  drill  geometry. 

Machine-ground  points  with  fine  finishes  give 
the  best  tool  life.  A,  surface  treatment  such  as 
chromium  plating  or  a  black  oxide  coating  of  the 
flutes  may  minimize  welding  of  chips  to  the 
flutes.  (4) 
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Axial  raka  of  split  point- 
must  be  at  least  4  degrees 
positive  on  90  per  cent  of 
drills  in  any  lot 


Secondary  cutting-edge 
angle  « 132  ±5  degrees 


Web  thickness  at  point  *  W 
(exaggerated  for  clarity 
In  enlarged  view)  \ 


Difference  in  indicator  reading  on  the 
cutting  lips  at  a  location  approx  75  per 
cent  of  the  distance  from  center  to  th«* 
00  of  the  drill  measured  as  shown 


'4 

'40°  ±5° 
Enlaged  View  of  Point 

Flute  _ 


l_  Flute 
length 


Included  point  angle 


Lip  relief  angle  measured  * 
across  margin  for  Type  C» 

10  to  14 ±2  degrees  depending 
on  diameter 

Heel  of  ground  surface  must  not 
interfere. 

Web -Thickness  Tolerance 
No.401otoo.  JOincl.±a0O3 
No. 29  to  l/2*incl. ±  0.005 


y 


Over-alt  length 


— Helix  angle, 

toi  ±3  degrees 


Drill  Elements 

Drill  Geometry  Code 

C 

D 

B 

E 

Notch  rake  angle,  degrees 

4  to  7 

20 

4  to  7 

10 

Helix  angle,  degrees 

23  to  30 

28  to  32 

23  to  30 

12 

Clearance  angle,  degrees 

10  to  14 

6  to  9 

10  to  14 

6  to  9 

Point  angle,  degrees 

118*5 

135  ±  5 

135  ±  5 

135  *  5 

Type  point 

P-5 

P-1 

P-3 

P-2 

NAS  907  drill  types 

C 

D 

B 

E 

Drilling  application 

Sheet 

Hand-drilling 

Fixed 

Fixed 

sheet 

feed 

feed 

(dry) 

FIGURE  3-1.  3.  2-2.  DRILL  NOMENCLATURE  AND  GEOMETRY  FOR 
NAS  907  AIRCRAFT  DRILLS  (TYPE  C  ILLUSTRATED). 


3-  1.  3.  3  Drill  Materials 

Conventional  molybdenum-tungsten  high-speed 
steel  drills  are  usually  used  in  production.  Cobalt 
high-spead  steels  can  be  used  and  are  said  to  give 
up  to  50  percent  more  tool  life.  However,  their 
costs  are  1-1/2  to  2  times  higher  than  standard 
high-speed  steels.  Table  3-1.  3.  3-1  indicated  the 
drilling  applications  for  various  AIS!  grades  of 
high-speed  steel. 


3-1.3.  4  Feeds 

The  philosophy  of  drilling  titanium  is  to  keep 
the  drill  cutting.  Never  allow  the  drill  to  ride  in 
the  hole  without  cutting  metal.  The  best  technique 
is  to  utilize  a  positive  mechanical  feed.  Even 
assembly  drilling  of  sheet  should  be  done  with  por¬ 
table  power  drills  having  positive  feed  arrange¬ 
ments.  Hand  drilling  can  be  done  only  if  suffici¬ 
ent  thrust  can  be  applied  to  insure  a  heavy  chip 
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TABLE  3-  1.  3.  2-  1.  SOME  SPECIFICATIONS  FOR  DRILLS  USED  ON  TITANIUM  ALLOYS^22) 


Drill  diameter,  inch 

0.  098 

0.  1285 

0.  1590 

0.  1850 

0.  1935 

0.  246 

0.  250 

Overall  length,  inch 

1-5/8 

1-15/16 

2-1/8 

2-3/16 

2-1/4 

2-1/2 

2-1/2 

Flute  length,  inch 

5/8 

1-5/16 

1-1/8 

1-3/16 

1-1/4 

1-1/2 

1-3/8 

Helix  angle,  degrees 

28  *  2 

28  *  2 

30  ±  2 

30  *  2 

30*2 

30  *  2 

30  *  2 

Lip  relief  angle, 

7  to  10 

7  to  10 

12  sk  2 

12  *  2 

12*2 

12*2 

12  *  2 

degrees 

Point  angle,  degrees 

135  *  3 

135  *  3 

135  ±  3 

135  *  3 

135  *  3 

135  *  3 

135  *  3 

Web  thickness  (below 

0.  029  to 

0.  038  to 

0.  047  to 

0.  055  to 

0.  057  to 

0.  060  to 

0.  060  to 

split),  inch 

0.  032 

0.  042 

0.  052 

0.  061 

0.  063 

0.  065 

0.  065 

Chisel  edge  angle, 

115  to 

115  to 

115  to 

115  to 

115  to 

115  to 

115  to 

degrees 

125 

125 

125 

125 

125 

120 

120 

Chisel  thickness  (after 

0.  004  to 

0.  004  to 

0.  004  to 

0.  004  to 

0.  004  to 

0.  004  to 

0.  004  to 

splitting),  inch 

0.  008 

0.  008 

0.  008 

0.  008 

0.  008 

0.  008 

0.  008 

All  drills  have  point  angles  of  135  ±3  degrees  and  crankshaft  (split)  points,  and  are  made  from 
M33  high-speed  steel. 


TABLE  3-1.  3.  3-1.  HIGH-SPEED  STEEL  USED  FOR  DRILLS  IN  DRILLING  TITANIUM  ALLOYS 


AISI  Grade  of 
High-Speed 

Commercially 

Titanium  Alloy 

Steel<a> 

Pure 

Ti-5Al-2.  5Sn 

Ti-8Al-iMo-  IV  Ti-6A1-4V 

Ti-  13  V-  1  lCr-3Al 

Ml 

S 

S 

S 

G 

M2 

M3,  Type  2 

S 

S 

S 

G 

M7 

G,  D 

G,D 

C5,D 

M10 

G,D,S 

G,  D,S 

G,  D,S  G ,  S 

M3  3 

G,D 

G,  D 

G,D 

G 

M34 

G,  D 

G,  D 

G,  D 

M36 

T4 

G,  D,S 

G ,  D ,  S 

S 

G,  D,S 

T5 

G,D,S 

G,D,S 

G,  D,S  G,S 

Note:  G  =  general  drilling;  D  =  deep  hole  drilling;  S  =  sheet  drilling. 


(a)  See  Table  3-0.  1.  3-2  for  compositions. 


throughout  drilling.  However,  the  high  axial 
thrust  required  to  keep  the  drill  cutting,  especially 
in  heat-treated  titanium  alloys,  can  cause  rapid 
operator  fatigue.  Furthermore,  allowing  the  drill 
to  advance  rapidly  on  breakthrough,  as  is  generally 
the  case  with  hand  feeding,  will  seriously  shorten 
drill  life  by  chipping  the  comers  of  the  drill, 

The  selection  of  feeds  depe;  ds  largely  on  the 
size  of  the  drill  being  used.  Generally,  a  feed 
range  of  0.  001  to  0.  005  tpr  is  used  for  drills  up 
to  1/4  inch  in  diameter.  Drills  1/4  to  3/4  inch  in 
diameter  will  use  a  heavier  feed  range,  0.  002  to 
0.  007  ipr.  Suggested  feed  rates  for  drills  of 
diameters  in  the  range  sf  1/16  to  1/2  inch  diame¬ 
ter  are  given  in  Figure  3-  I.  3.  4-  1^. 


3-1.  3.  5  Drilling  Speeds 

Since  the  cutting  zone  is  confined,  drilling 
requires  low  cutting  speeds  for  minimum  cutting 
temperatures.  The  choice  of  speed  used  will  de¬ 
pend  largely  on  the  strength  level  of  the  titanium 
material  and  the  nature  of  the  workpiece.  Thus, 
speeds  up  to  80  fpm  may  be  used  tor  commer¬ 
cially  pure  titanium,  while  only  15  to  20  fpm  should 
be  used  on  aged  Ti-  13V-  HCr-  3A1. 

Speeds  should  remain  constant  throughout 
the  course  of  drilling.  This  means  an  "over¬ 
powered"  drilling  machine.  Slow  speed,  high- 
torque  drill  motors  should  be  used  fc  r  portable 
power  drills. 


P—i  tt**Q 
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FIGURE  3-  ’ .  3.  4- 1.  FEED  RATE  VERSUS  DRILL 
DIAMETER  FOR  HIGH-SPEED  DRILLS*4) 


3- 1.  3,  6  Cutting  Fluids 

Drilling  titanium  usually  requires  the  use  of 
cutting  fluids.  Although  holes  in  single  sheets 
with  thicknesses  up  to  twice  the  drill  diameter  can 
be  drilled  dry(6»ll)  aulfurized  oils  or  sulfurized 
lanolin  paste  are  recommended  for  low  speeds  and 
for  drills  les*  than  1/4  inch  in  diameter.  A  good 
coolant  like  soluble-oil-'*'ater  erm  lsions  can  be 
used  for  the  higher  drilling  speeds.  *  ^  >  *2) 

A  steady,  full  flow  of  fluid,  externally  applied 
at  the  cutting  site,  can  be  used,  but  the  use  of  a 
apray  mist  seems  to  give  better  tool  life.  How¬ 
ever,  a  two-diameter  depth  limit  seems  to  exist 
for  external  applications.  Hence,  oil-feeding 
drills  work  best  for  .deep  holes.  (®j  ^) 


When  drilling  stacked  sheet,  the  sheets 
should  be  clamped  securely  with  clamping  plates 
to  eliminate  gaps  between  sheets.  (4>?>35) 

When  starting  a  drilling  operation,  the  drill 
should  be  up  to  speed  and  under  positive  feed  as  it 
advances  toward  the  work.  Never  start  with  a  du:l 
drill;  and  use  a  triangular  center-punch  to  mark 
the  hole  location  on  the  part.  Drill  holes  to  size 
in  one  operation  whenever  possible.  Center  drills, 
or  undersize  starting  drills,  are  usually  not 
recommended.  The  use  of  drill  bushings  is  de¬ 
sirable  for  close-tolerance  holes. 


The  margin  of  the  drill  should  be  examined 
periodically  for  smearing  in  order  to  prevent  over- 
sizes  holes.  Also  look  for  poscible  breakdowns 
♦hat  might  occur  at  the  outer  corner  of  the  lips. 

An  arbitrary  drill  replacement  schedule  should  be 
established  to  prevent  work  and  drill  spoilage.  '  1 ' 


The  nature  of  the  chips  produced  indicates 
the  condition  of  the  drill  during  drilling.  A  sharp 
drill  produces  tight- curling  chips  without  difficulty. 
As  the  drill  progressively  dulls,  the  cutting  tem¬ 
perature  rises  and  titanium  begins  to  smear  on 
the  Lj3  and  margins.  The  appearance  of  feathei- 
type  chips  in  the  flutes  is  a  warning  signal  that 
the  drill  is  dull  and  should  be  replaced.  The 
appearance  of  irregular  and  discolored  chips  indi¬ 
cates  that  the  drill  has  failed.  (2,11,35)  Qut-of- 
round  holes,  tapered  holes,  or  smeared  holes  are 
results  of  poor  drilling  action,  with  subsequent 
reaming  problems,  or  even  tap  breakage  when  the 
holes  are  threaded.  *  1  >  ^) 


Chips  should  be  remr  ed  at  periodic  inter¬ 
vals  unless  the  cutting  fluid  successfully  flushes 
away  the  chips. 


3-1.3.  7  General  Drilling  Techniques  and  Ins  pec- 
non 

Setup  conditions  for  drilling  titanium  should 
provide  overall  setup  rigidity  and  sufficient  spin¬ 
dle  power  to  maintain  drill  speeds  during  cutting. 
Successful  drilling  of  titanium  also  depends  on 
being  able  to  reduce  the  temperature  at  the  cutting 
lips.  *^)  This  can  be  accomplished  by: 

(1)  Using  low  cutting  speeds 

(2)  Reducing  the  feed  rate 

(3)  Supplying  adequate  cooing  at  the  cutting 
site. 

Thin  shoot-metal  parts  must  be  properly 
supported  at  the  point  cf  thrust.  Thi"  can  be  done 
with  a  backup  block  of  AISI  1010  or  1020  steel. 
Where  this  is  not  oossible  becaua-  of  part  con¬ 
figuration,  a  lo\v-ncltin£  alloy  „an  be  cast  abouc 
the  part. 


When  holes  more  than  one  diameter  deep 
are  jeing  drilled,  the  drill  should  be  retracted 
once  for  each  half  diameter  of  drill  advance  to 
clear  the  flutes. 

Retraction  should  be  done  simultaneously 
with  the  stop  of  the  f  .cd  to  minimise  dwell.  The 
drill  should  be  retracted  quickly,  but  carefully, 
with  the  drill  up  to’speed  and  under  positive 
feed.  (39,40) 

When  drilling  "through  holes",  it  is  some¬ 
times  advisable  not  to  drill  all  the  way  through 
on  a  continuous  leed.  Instead  the  drill  should  be 
T  etractsd  before  breakthrough  and  the  drill  and 
hole  flushed  to  remove  the  chips.  Then  the  drill 
should  be  returned  und»r  pos**ive  feed  and  drill¬ 
ing  through  should  be  done  carefully  to  avoid  any 
’feed  surge"  at  breakthrough. 

All  assembly  drilling  should  be  done  with 
portable,  fixed-feed,  jig-mounted  drilling  ma¬ 
chines.  Hand  drilling  can  be  used,  but  the 
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practical  limit  appear*  to  be  the  No.  40  drill. 

Above  thia  diameter,  insufficient  feed  is  the  result , 
with  consequent  heat  buildup  and  short  drill  life. 

Hand  drilling  should  not  be  used  if  the  hole  is  to  be 
tapped.  (39) 

Drilled  holes  will  require  reaming  to  meet 
the  tolerances  o'  C'ass  I  hole*,  unless  a  bushing  is 
used  immediately  adjacent  to  the  part.  Drilled 
holes  in  sheet  will  probably  require  deburring  on  the 
exist  aide. 

Operating  data  for  drilling  may  be  found  in 
Table  3-1.  3.  7-1. 

3-  1.  4  TAPPING  OPERATIONS 


When  the  tap  meets  excessive  resistance  (which 
would  ordinarily  break  the  tap),  the  machine  auto¬ 
matically  reverses  one-haif  r-.volution  and  then  goes 
forward  agai;.(*>*^. 


3-1.  4.  2  Setup  Conditions 


Requirements  in  tapping  setups  parallel 
thoee  recommended  for  drilling.  Machine  tools 
that  allow  maximum  rigidity,  accuracy,  and  sensi¬ 
tivity  should  be  used.  Lead-screw  tapping  is 
recommended  since  less  dependence  is  placed  on 
the  operator.  The  tapping  head  must  be  set  for 
as  short  a  stroke  as  possible.  Hand  tapping  is  not 
recommended  because  it  lacks  the  required  ryjidity 
and  is  extremely  slow  and  difficult.  '  ’  ’  ' 


3- 1.  4.  0  Introduction 


3-1.4.  3  Taps  and  Tap  Design 


Tapping  titanium  is  a  difficult  operation.  The 
limited  chip  flow  inherent  in  taps,  and  the  severe 
galling  action  of  titanium  can  result  in  poor  threads, 
improper  fits,  excessive  tap  seizures,  and  broken 
taps.  Titanium  also  tends  tj  shrink  on  the  tap  at 
the  completion  of  the  cut. 
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Tapping  difficulties  can  be  minimized  by  re¬ 
ducing  the  thread  requirements  to  55  to  65  percent 
full  thread,  and  then  tapping  the  fewest  threads  that 
the  design  will  allow.  Designers  should  also  avoid 
specifying  blind  holes  or  through  holes  of  excessive 
lengths.  In  both  cases,  the  chips  are  confined  and 
can  cause  rough  threads  and  broken  taps.  S-me 
relaxation  in  class-of-fit  tolerances  also  should  be 
considered. 

The  tapping  operation  itself  requires  sharp 
tops  of  modified  conventional  design,  low  tapping 
speeds,  and  an  effective  tapping  lubricant. 

3-1.4.  1  Tapping  Machines 

A  lead-screw  tapping  machine  is  recommend¬ 
ed  fa  ensure  proper  lead,  a  regulated  torque,  and  a 
uniform  hole  size.  Lead-screw  tapping  heads 
should  be  equipped  with  friction  clutches.  The 
clutch  should  prevent  tap  breakage  when  galling 
occurs  because  a  very  small  amount  of  smear  may 
result  in  immediate  tap  breakage. 

Tapping  machines  should  be  rigid,  accurate, 
and  sensitive.  Machine  tapping,  unless  done  on  a 
.sensitive  machine,  can  result  in  excessive  tap 
breakage  and  poor-quality  wotk. 

An  electropneurnatic  oscillating-U^ping 
machine,  when  properly  set,  cannot  break  a  tap. 
Before  any  farce  is  applied  that  might  breek  a  tap, 
the  forward  motion  if  Interrupted  and  immediately 
reversed.  The  tap  is  driven  by  balanced  spiral 
springs,  and  the  teat  ion  is  sat  just  under  the  static 
breaking  torque  of  the  size  of  t-iu*  tap  bsing  used. 

♦Sams  companies.  however,  have  successfully 
tapped  75  percent  threads. 


Gun  taps  have  been  used  successfully.  (**) 
Chip  driving  spiral  point  taps  with  interrupted 
threads  and  full  eccentric  relief  also  have  been 
successful^*^).  Taps  should  be  precision 
ground  and  stress  relieved.  Two-fluted  taps  are 
usually  used  for  5/16-24  holes  and  smaller,  while 
three-fluted  taps  are  best  for  3/8-16  holes  and 
greater,  and  for  other  tapping  situations.  Taps 
with  2  flute*  normally  do  not  give  the  support 
the  three- fluted  tops  provide. 


Modifications  of  the  conventional  two- flute, 
spiral-point,  plug-style  H2-;.  tch-diameter  tape 
can  be  used.  The  taps  are  modified  by  grinding 
away  the  threads  behind  the  cutting  edges  down 
to  the  minor  diameter,  but  leaving  full-thread 
lands  0.  015  inch  wide  backing  up  the  cutting 
edges.  (*®»  However,  spiral- pointed  tap  cannot 
bf  expected  to  propel  chips  forward  in  holes  that 
are  more  than  two  diameters  long(^>^®^* 

Taps  should  have  tool  angles  suitable  for 
titanium.  This  usually  means: 


(J)  A  spiral  point  angle  large  enough  to 
"allow  chip  flow  out  of  the  hole  ahead  of 
the  tap, 

(2)  A  relief  angle  large  enough  to  prevent 
seizure  but  not  so  large  as  to  cause 
jamming  when  backing  out  the  tap.  An 
eccentric  pitch-diameter  relief  also  can 
be  used  successfully. 

(3)  Sufficient  cutting  rake  to  provide  a  good 
shearing  action. 

(41  A  chamfer  of  around  3  threads  to  provide 
t  small  depth  of  cut,  A  shorter  chamfer 
results  in  high  torque  and  possible-  tap 
b.-eakage.  A  long  chamfer  produces  long, 
stringy  chips  which  may  jam  the  tap 
dr  *ng  back-out  operation*.  However, 

*.  ,-.ug  chamfer  gun  tap  can  be  used  for 
shallow  holae  (hol6C  less  than  one  tap 
diameter  deep). 
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TABUS  3- 1.  3.  ?- 1,  DRILLING  TITANIUM  ALLOYS  WITH  HIGH-SPEED- STEEL  DRILLS**) 


Titanium  Alloy 
Commercially  purs 


T1-8A1-  IMo-  IV 


Ti-SAi-2.  5Sn 


TI-4Al-3Mo-lV 


T1-6A1-4V 


Alloy 

Condition**’) 


Tool 

Material*6) 
Ml,  M2,  M10 
Ml,  M2,  M10 


Ml,  M2,  M10 
Ml,  M2,  M10 


Mi,  M2,  M10 
T15,  M33 


Cutting 
Speed,  fpm 

40  to  80 

20 

(40  lor  aheet) 


40 

(25  for  eheet) 
20  for  aheet 

30  to  40 
20  to  30 


Drill  _ Feed  *d>lpr _ 

Diameter,  All  But 

inch  Ti-13V-llCr-3Al  Ti-13V-I5Cr-3Al 


0.  001-0.  002 


0.  002-0.  005 


0.  003-0.  006 


0.  004-0.  007 


0.  004-0.  008 


0.  005-0.  013 


0.  005-0.  015 


0.  0005 


0.  0015 


0.  0015 


TI-7A1-4MO,  1 

Ti-6Al-6V-2SnJ 

Ti-13V-llCr-3Al 


Tool  geometry 


Cutting  fluids  uaed 


Ml,  M2,  M10 
T15,  M33 

Ml,  M2,  M10 
T15,  M33 


20  to  30 
15  to  20 


For  general  drilling  operations,  choose  drill-geometry  x,  y,  or  s,  depending  on 
drill  sise;  see  Figure  3-1.  3.2-1.  For  drilling  sheet,  use  drill-geometry  C,  D, 
or  B  according  to  application;  see  Figure  3-1.3.  2-2. 

Use  a  soluble  oil-watar  emulcion  or  a  sulfuriaed  oil,  the  latter  at  lower  speeds 
and  for  small  drills  (<l/4  inch).  Chlorinated  oils  are  also  uaed  provided  oil 
residues  are  promptly  removed  by  M.E.K.  Holes  in  single  sheets  up  to  twice  the 
drill  diameter  can  be  drilled  dry. 


(a)  From  Reference*  (2), (4), (6), (8), (11), (12), (14)  (-0)-(23), (35), (37)-(39), (42)-(46). 

(b)  Ann  -  annealed;  STA  =  solution  (rested  and  aged. 

(c)  AISI  designation. 

(d)  Use  the  lower  feeds  for  the  stronger  or  aged  alloy*.  Data  are  for  hole*  deeper  than  1/2  inch.  Some¬ 
what  higher  foeds  may  be  ueed  for  holea  leas  than  1/2  inch  deep.  Medium  and  steady  hand  pressure 
is  nee.ded  for  hand  drilling. 
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If  rubbing  is  encountered  in  tapping  it  may  be  de¬ 
creased  by: 

(1)  Using  interrupted  threads  with  alternate 
teeth  missing 

(2)  Grinding  away  the  trailing  edge  of  the  tap 

(3)  Grinding  axial  groove*  in  the  thread 
crests  along  the  full  length  of  the  lands 

(4)  Employing  either  eccentric  or  con- 
eccentric  thread  relief. 

Figure  3-  1.  4.  3-  1  illustrates  the  tap  nomenclature 
referred  to  above. 


FIGURE  3-i.  4.  3-  1.  TAP  NOMENCLATURE 

Surface  treatments  contribute  to  successful 
tapping  by  reducing  galling  and  increasing  resis¬ 
tance  to  abrasion.  Nitriding,  oxide  coating,  or 
chromium  plating  have  been  employed  success¬ 
fully  on  taps  used  for  titanium.  Nitrided  taps 
generally  give  the  best  performance. 

3-1.4.  4  Tap  Materials 

High-speed  steel  taps  are  used,  AISI-Ml  for 
tapping  commercially  pure  titanium  and  AISI-M7 
and  M10  for  titanium  alloys.  See  Table  J-0.  1.  3-2 
for  compositions. 

3-1.4.  5  Sirc-of-Cut  Requirements 

The  size  of  cut  i*  determined  by  the  chamfer 
given  the  tap.  The  chamfer  that  produces  3mall 
chips  without  jamming  the  tap  during  the  backing- 
out  phase  should  be  used. 

3-1.4.  6  Tapping  Speed  Requirements 

It  is  important  to  limit  the  tapping  speeds  to 
those  shown  in  Table  3-1,4.  8-1,  as  cutting  torque 
increae.es  extremely  rapidly  beyond  a  certain 
threshold  speed. 


The  high-strength  titanium  alloy*  require 
slower  tapping  speeds  than  the  lower  strength 
alloys,  and  much  slower  speeds  than  commercially 
pure  titanium, 

3-1.4,  7  Gutting  Fluid* 

The  selection  of  cutting  oils  and  compound* 
is  extremely  important  because  of  the  suscepti¬ 
bility  of  taps  to  seizure. 

The  paste- type  cutting  compounds  f Lithopone 
or  £nS  in  oil)  usually  give  the  best  tool  life;  how¬ 
ever,  they  are  generally  not  practical  in  pro¬ 
duction  operations. 

Sulfurized  oil,  flood  applied,  is  also  satis¬ 
factory  for  tapping  titanium.  Molybdenum  disul¬ 
fide  may  be  added  to  relieve  persistent  seizures. 
Barium  hydroxide  in  water  alco  can  be  used.  Solu¬ 
ble  oils,  however,  are  not  usually  considered 
satisfactory. 

Immediately  before  a  hole  is  tapped  the  tap 
should  be  covered  with  a  liberal  amount  of  litho- 
pone  paste.  If  sulfurized  oil  is  used,  it  should  be 
forced  on  the  tap  throughout  the  tapping  opera¬ 
tion.  (3,39) 

Some  fabricators  recommend  pretreating 
taps  with  colloidal  molybdenum  disulfide.  The 
tap  is  dipped  in  a  suspension  of  MoS£  and  white 
spirits,  and  then  baked  for  40  minutes  at 
200  C,  (7»49) 

3-1.4.  8  General  Tapping  Techniques  and  Inspec¬ 
tion 

As  a  first  requirement,  holes  for  tapping 
should  have  been  produced  by  sharp  drills  oper¬ 
ating  under  positive-feed  drilling  conditions.  Dull 
drills  produce  surface-hardened  holes,  which  will 
magnify  tapping  difficulties.  Sharp,  clean  taps 
must  be  used  at  low  t* — >ing  speeds  with  recom¬ 
mended  tapping  compounds  and  und'  r  rigid  tool- 
work  setups.  A  stiff  nylon  brush  pressed  against 
the  tap  on  the  return  stroke  will  help  to  remove 
chips  and  has  bet  reported  to  increase  tap  life 
by  at  least  50  percent. 

Where  holes  require  complete  threads  close 
to  the  bottom  of  the  hole,  a  series  of  two  or  three 
taps  with  successively  shorter  chamfers  may  be 
required. 

Taps  shoulc  be  inspected  carefully  after 
use  on  six  holes  for  possible  smearing  of  lands. 
These  smears  may  be  hard  to  see  but,  if  present, 
can  cause  premature  tap  breakage  and  oversized 
holes.  The  workpiece  also  should  be  inspected  for 
possible  torn  threads  and  dimensional  discrepan¬ 
cies.  It  should  be  remembered  that  most  tapping 
is  done  on  parts  that  are  89  to  90  percent  finished: 
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hence,  scrap  from  tapping  operations  can  be  very 
costly.'11' 

Data  for  tapping  titanium  may  oe  tov.nd  in 
Tabic  3-  1.  4.  8-  1. 

3-1.5  REAMING  OPERATIONS 

3-1.5.  0  Introduction 

Titanium  and  its  alloys  can  be  reamed  suc¬ 
cessfully  using  proper  precautions.  Adhesion  of 
titanium  to  the  reamer  must  be  prevented  to  a  ,<oid 
the  production  of  ove’-oir.ed  holes  and  poor  finishes. 

3-1.5.  1.  Selection  of  Machine  Tools 


3-1.5.  3  Tool  Materials 


Both  high-speed  eteel  and  carbide  reamers 
can  be  used  on  titanium  and  its  alloys.  High-speed 
steel  reamers,  however,  tend  to  deteriorate  vapid¬ 
ly  after  tool  wear  starts.  Carbide-tipped  reamers 
are  much  better  from  the  standpoint  of  tool 
life.  <V 53} 


3-1.5.  4  Feeds 


Eight  feeds  are  required  to  produce  accept¬ 
able  holes,  meaning  feeds  between  0,  002  and  0.  016 
ipr.  (23,53)  Sometimes,  a  heavy  feed  like  020 
ipr  is  used,  but  feeds  that  heavy  may  lead  to  ex¬ 
cessive  pickup  and  scarred  holss.  ((2) 


Reaming  can  be  done  in  a  drill  press,  a  screw 
machine,  or  a  turret  lathe;  the  choice  depends  on 
the  reaming  operation  involved. 

Drill  press  work  is  generally  done  in  fix¬ 
tures,  and  the  reamer  is  guided  in  a  bushing  re¬ 
quiring  a  rigid  holder.  Screw  machines  and  turret 
lathes  may  have  a  slight  misalignment  between  the 
axes  of  the  work  spindle  and  the  tool  holder,  neces¬ 
sitating  the  use  of  a  floating  holder. 

3-1.5.  2  Reamers  and  Reamer  Design 

Titanium  can  be  reamed  with  either  a  straight 
reamer  or  a  spiral  fluted  reamer;  however,  the 
latier  seems  to  produce  better  surface  finishes. 

The  conventional  reamer  has  three  basic  tool 
angles;  a  chamfer  angle,  a  rake  angle,  and  a  relief 
angle,  as  shown  in  Figure  3-1.  5.  2-1,  The  first 
two  angles  do  not  have  any  pronounced  effect  on 
reaming  operations.  The  relief  angle  is  most 
influential  and  should  exceed  5  degrees  to  minimize 
smearing.  On  the  other  hand,  relief  angles  in 
excess  of  10  degrees  cause  vibration  and  chatter 
marks  on  the  surface  of  reamed  holes. 

Reamers  with  margins  about  0.010  wide 
produce  acceptable  holes.  Scoring  is  a  problem 
with  wider  margins,  and  excessive  chatter  is  likely 
to  occur  when  margins  arc  as  narrow  as  0.  005 
inch.  <7- 121 


Feeds  should  be  increased  in  proportion  to 
the  size  of  'he  hole;  it  should  be  remembered, 
however,  that  larger  amounts  of  metal  removal 
can  impair  concentricity.  (^>53) 

3-1.  r.  5  Depth  of  Cut 

The  depth  of  cut,  when  varied  between  0.  002 
and  0.  C’6  inch  (on  the  tadius),  shows  no  pro¬ 
nounced  effect  other  than  an  increase  in  torque 
with  increasing  depths  of  cut.  (7»  *2) 

3-1.  5.  6  Cutting  Speed 

The  recommended  cutting  speed  for  com¬ 
mercially  pure  titanium  using  high-speed  reamers 
lies  between  40  and  70  fpm,  while  titanium  alloys 
require  lower  speeds  such  as  20  to  45  fpm.  Car- 
bide  reamers  may  be  used  up  to  25n  fpm.  '  ’  >  *  ' 

3-1.  5.  7  Cutting  Fluids 

The  most  effective  fluid  for  reaming  titanium 
appears  to  be  a  sulfoclilormated  mineral  oil.  (7>  12) 

3-1.5.  8  Reaming  Techniques 

There  seem*  to  be  no  single  set  of  reaming 
conditions  that  will  give  optimum  results  by  all 
criteria.  Nevertheless,  the  basic  precaution*  for 
machining  titanium  should  be  heeded.  These 
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TABLE  3-  1.  4.  8-1.  TAPPING  DATA  FOR  TITANIUM  AND  ITS  ALLOYS  USING  HIGH¬ 
SPEED  STEEL  TAPS<a) 


AISI  Type  High-Speed  Steel^°) 


Ml,  M7 ,  KUO  (nitrided) 


Tap  Styles 
Tap  Size 

Number  of  Flutes^0' 


3/16-24  and  smaller  3/8-16  and  greater 
2  or  3  3  or  4 


Tap  Geometry 

Spiral  Point  Angle,  degrees 
Spiral  Angle,  degrees 
Relief  Angle,  degrees 
Cutting- Rake  Angle,  degrees 
Chamfer  Angle,  degrees 


10  to  17 
110 
2  to  4 
6  to  10 

8  to  10  or  3  to  4 
threads 


Tapping  Speeds,  fpm 

Unalloyed  titanium  30-50 

Ti-5AI- 2.  5Sn  10-25 

Ti-4Al-3Mo-  IV  10-25 

Ti-4A1- 3Mo- 1 V,  aged  10 

Ti-6A1-4V,  annealed  10-20 

Ti-6A1-4V,  aged  10-15 

Ti-8A1-  IMo-  IV,  annealed  10-15 

Ti-7Al-4Mo;  -Ti-fcAl-6V-2Sn,  an-  15 
nealed 

Ti-7Al-4Mo;  Ti-6At-6V-2Sn,  STA  10-20 
Ti-  13V-  1  lCr-3Mo,  annealed  8-15 

Ti-13V- llCr-3Mo,  aged  5-9 


Tapping  Lubricants  Lithopone  paste  30%  SAE  20  oil,  70% 

lithopone);  heavy  sulfurized  oil,  sometimes 
fortified  with  molybdenum  disulfide; 
barium  hydroxide  in  water  (5%  by  weight); 
highly  chlorinated  or  sulfochlorinated 
oils  followed  by  a  thorough  degreasing  with 
MEK. 


(a)  From  References  (3), (14), (19)-(23),  (39),(40),(44),(47)-(51). 

(b)  Ml  high-speed  steel  is  adequate  for  unalloyed  titanium.  M10  high-speed  steel 
is  best  for  titanium  alloys.  Nitrided  taps  generally  give  the  best 
performance. 

(c)  Taps  with  two  flutes  normally  do  not  give  the  support  that  the  three  or  four-fluted 
t-.ps  provide;  hence,  the  latter  two  types  should  be  used  for  the  larger  cizes. 


> 
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include  adequate  rigidity  of  setup,  sharp  tools,  and 
a  positive  feed  to  prevent  riding  without  cutting. 
Chatter,  if  present,  can  be  eliminated  by  altering 
tool  design,  size  of  cut,  and  cutting  speed. 


Undersized  holes  (0.  01  to  0.  020  undersize) 
should  be  drilled  or  bcred  prior  to  the  reaming 
operation.  (6,7) 

Cutting  speeds  and  feeds,  along  with  the  tool 
geometry  concerned,  are  shown  for  general  ream¬ 
ing  in  Table  3-  1.  5.  8-  1. 

3-1.6  BROACHING  OPERATIONS 

3-  1.  6.  0  Introduction 

Titanium  can  be  broached  „  'ir  e  general 
setup  conditions  required  by  the  othe.  chining 
operations.  Because  of  the  interrupted  .,ature  of 
the  cut,  welding  of  the  chip  to  the  cutting  edge  is 
quite  troublesome  as  in  milling.  This  tendency 
increases  as  the  wearland  develops.  As  the  wear- 
land  increases,  so  does  the  tendency  for  titanium 
to  smear  on  the  cutter.  The  result  is  poor  finish, 
rapid  wear,  and  ioss  of  tolerances.  (23) 

Titanium,  nevertheless,  can  be  broached 
successfully.  In  fact,  a  surface  finish  of  6  to  28 
microinches,  rms,  can  be  expected  for  the  tool 
designs  and  speeds  shown  herein.^'*2) 

3-1.6.  1  Machine  Tools  for  Broaching 

There  are  about  six  styles  or  types  of  ma¬ 
chine  tools  available  for  broaching;  they  may  be 
either  manually  or  power  operated.  They  include 
horizontal  broaching  machines,  vertical  surface 
broaching  machines,  single  or  dual  ram,  vertical 
pull-up  (also  pull-down)  broaching  machines,  and 
broaching  presses.  The  latter  type  can  exist  as 
foot  presses,  arbor  presses,  rack  presses,  friction 
tion  presses,  and  power  presses.  (£35-57) 

The  type  of  broach  required  is  the  most  im¬ 
portant  factor  in  determining  the  type  and  size  of 
broaching  machine  to  be  used.  In  general,  the 
broach  determines  and  controls  the  machine  type, 
s  troke,  and  capacity  and  not  vice  versa.  Other 
variables  include  type  of  broaching  operation 
(i.  e,  ,  internal  broaching,  external  broaching, 
etc.  ),  roductior*  rate,  total  production,  and 
number  of  operations  to  be  given  on  a  single  ma¬ 
chine.  (55-57) 


3-1.6.  2  Broaches  and  Broach  Design 

Tool  design  is  a  v*.ry  important  factor  that 
affects  broaching  performance.  The  relief  angle, 
rake  angle,  and  the  rise  per  tooth  seem  to  be  the 
more  important  elements.  Teeth  should  have  a 
positive  rake  so  that  the  chips  will  curl  freely 
into  the  gullets.  The  gullet  size  should  be  large 
enough  to  accommodate  the  chips  formed  during 
the  cutting  action.  ^  ’  *2^ 

Figure  3-1.6.  2-1  illustrates  some  of  the 
elements  of  broach  geometry. 
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FIGURE  3-1,  6.  2-1.  NOMENCLATURE  FOR 
BROACHES 


Titanium  usually  requires  relief  angles 
somewhat  higher  than  the  1/2  to  i.  degrees  nor¬ 
mally  used  in  broaching  other  materials.  If  the 
relief  angle  is  too  small,  metal  pickup  on  the  land 
relief  surface  can  seriously  affect  the  quality  of 
the  broached  surface.  Accordingly,  relief  angles 
between  3  and  5  degrees  have  beer,  adopted  and 
used  successfully.  *2) 


A  rake  or  hook  angle  of  20  degrees  is  nor¬ 
mally  recommended  for  broaching  conventional 
materials.  For  titanium,  however,  a  reduction  to 
+5  degrees  will  improve  broaching  performance 
to  a  marked  degree.  The  smaller  rake  angle  pro¬ 
vides  greater  support  for  the  cutting  edge,  and 
improves  heat  transfer  from  the  cutting  zone.  The 
maximum  rake  is  about  +10  degrees.  An  increase 
beyond  this  value  invites  tool  failure. 
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The  normal  recommendation  for  (he  riae  per 
tooth  in  broaching  steel  is  0,  0005  to  0,  003  inch. 
Titanium  materials,  however,  should  be  b ‘cached 
at  0.  001  to  0.  006  inch  per  tooth,  depending  on  the 
alio/  and  its  condition  and  the  broachin*,  operation. 
The  lower  values  of  this  range  should  provide  lower 
cutting  forces  and  better  surface  finit'ne-.  17,  12) 

Broaches  that  have  been  wet  ground  may  irriT 
prove  tool  performance.  Careful  vapor  blasting 
also  may  help  toot  life  and  finishes  by  reducing 
the  tendency  for  smearing.  (^3) 

Solid  broaches  are  sometimes  made  slightly 
oversize  (0,  0005  inch)  to  compensate  for  the 
slight  springback  that  will  occur  when  the  cut  is 
completed. 

3-1.6.  3  Tool  Materials 

Any  type  of  high-speed  steel  should  work 
reasonably  well  as  a  broaching-lool  material  for 
titanium.  The  standard  AISI  Typec  Tl,  M2,  and 
MIC  should  give  good  performance  in  the  speed 
ranges  recommended  herein.  (7,12)  Their  com¬ 
positions  are  shewn  in  Table  3-0.  1.  3-2. 

3-1.  6.  4  Depth  of  Cut 

The  depth  of  cut  is  governed  by  the  "rise 
per  tooth"  of  the  broach,  A  "rise  per  tooth"  in 
the  range  of  0,  002  to  0.  005  has  been  used  success¬ 
fully  when  a  45-degree  rel-Vt  is  employed.  If  a 
3-degree  relief  is  used,  ihe  rise  should  be  re¬ 
duced  tc  0.  001  ipt.  (^) 

3-1.  6,  5  Cutting  Speed 

Some  titanium  alloys  hava  shown  a  marked 
sensitivity  to  changes  in  cutting  speed.  Con¬ 
sequently,  it  appears  reasonable  to  recommend  low 
speeds  for  this  type  of  operation.  This  means 
that  cutting  speeds  should  be  restricted  to  the  range 
of  20  to  30  fpm.  V/ hen  broaching  dovetails,  the 
speed  should  be  reduced  to  10  to  12  fpm.  ^ 

3-1.6,  6  Cutting  Fluids 

Sulfurized  mineral  oil,  oil- in- water  emul¬ 
sions,  and  caroon  dioxide  sprays  have  been  used 
during  tits  broaching  of  titanium.  Sulfutizcd  oils 
seem  to  give  the  best  results  because  they  mini¬ 
mize  faction,  improve  surface  finish,  and  re¬ 
duce  wear  rates.  A  prior  application  of  an  oil  with 
a  high-strength  film  to  the  surface  to  be  broached 
will  greatly  minimize  the  chip- welding  tendency 
and  prolong  tool  life  between  grinds.  (->  12) 

3-1.6.  7  Broaching  Techniques 

Rigicity  of  work  and  tool  is  necessary  to 
avoid  a  consecutive  aeries  of  "flat  surfaces" 
on  the  workpiece.  Surface  broaching  requires 


much  greater  rigidity  in  fixturing  than  does  hoic 
Preaching.  Hole  hi  caching  apparently  provides  an 
inherent  rigidity  derived  from  the  cutter  motion 
against  the  work-b'daing  device  or  fixture.  (7,12) 

The  broach  3h«uid  not  ride  ai  the  work  with¬ 
out  cutting,  and  chips  should  b  removed  from 
broaching  tools  before  each  succeeding  pass.  Ar.y 
excessive  wsarland  development  or  undue  smear¬ 
ing  should  be  noted  at  that  time.  Tools  should  be 
kept  sharp  to  reduce  the  tendency  of  smearing 
{of  the  land),  which  eventually  leads  to  tool  fail¬ 
ure.  (^) 

Operating  data  for  broaching  titanium  and 
its  alloys  are  listed  in  Table  3-  1.  6.  7-  1. 

3-1.7  BAND  SAWING 

3-1.  7.  0  Introduction 

Difficulties  in  band  sawing  titanium  ar.d  its 
alloys  can  be  minimized  by  selecting  a  saw  band 
with  the  proper  saw  pitch  suited  to  the  work 
thickness  involved.  The  combination  of  band 
velocity  and  feed  also  influences  the  economic  tool 
life. 

The  roughness  on  the  cut  surface  usually 
ranges  from  60  tc  200  microinches,  rms.  Fin¬ 
ishes  better  than  125  microinches  rms  are  ob¬ 
tained  by  using  higher  speeds,  lighter  feeds,  and 
a  fine  saw  pitch. 

3-1.7.  1  Machine-Tool  Requirements 

Rigid,  high-quality  band-saw  equipment 
powered  with  motors  of  at  least  2  horsepower 
should  be  us  ed.  The  machines  should  possess 
automatic  positive  feeding  and  band-tensioning 
features.  In  addition,  they  shculd  have  a  positive- 
flow,  recircu!ating-type  coolant  system,  and 
should  be  vibration-free.  (7>  ^8) 

Hand  or  gravity-type  feeds  do  not  produce 
satisfactory  results  when  sawing  titanium. 

3-1,7,  2  Saw  Bands  and  Saw  Band  Design 

Precision  and  claw-tooth  saw  bands  ere  used 
for  cutting  titanium.  The  widest  and  thickest  oand 
that  can  produce  the  smallest  radius  desired  on 
the  part  should  be  selected.  The  following  band 
widths  wiil  cut  the  minimum  radii  indicated:  (59) 

Saw  Width,  Minimum  Radii  Cut, 

inch  inch 


1/16 

Square 

3/32 

1/16 

1/8 

1/8 

3/36 

5/16 

1/4 

5/8 

TABLE  3-1. 6. 7-1.  BROACHING  DATA  FOR  TITANIUM  AND  ITS  ALLOYS**) 
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Type _ Roughing _  _  _ _ Finishing 


Titanium  Alloy 

Alloy 

Conditio*;^) 

High-Speed 

Steel*') 

Cutting 
Speed,  fpm 

Depth  of  Cat, 
vicb 

Cutting  Speed, 
fpm 

Depth  of  Cut, 
inch 

Commercially  pure 

Ann. 

T5 

20-35 

0.  004-0.  007 

30-55 

0.  002-0.  004 

Ti-8A1-  IMo- 1 V 

Ann. 

TS 

10 

o.  003-n.  006 

16 

0.  0015-0.  003 

Ti-5Al-5Sn-5Zr  ~l 

Ti-SAl-2. 5Sn  > 

Ann. 

T5 

15 

0.  003-0.  006 

22 

0.  0015-0.  003 

Ti-7Al-2Cb-lTa  J 

Ann. 

T5 

15 

0.  003-0.  006 

"2 

0.0015-0.003 

Ti-4Al-3Mo- 1 V 

STA 

TI  5 

7 

0.002-0.004 

10 

0.  001-0.  002 

Ti-7Al-12Zr  T 

Ti-6Ai-4V  ^ 

Ann. 

T5 

12 

0.003-0.006 

18 

0.  0015-0. 003 

Ti-8Mn  J 

STA 

T 1 5 

8 

0.  002-0.  005 

12 

0.  001-0.  002 

Ti-7Al-4Mo  \ 

Ann. 

TS 

10 

0.  003-0.  006 

16 

0.  0015-0.003 

Ti-6Al-6V-2Sn  J 

STA 

T 1 5 

7 

0.  002-0,  004 

10 

0.  001-0.  002 

Ann. 

TS 

11 

0.003-0.006 

17 

0.  0015-0. 003 

Ti- 1 3V- 1  lCr-3Al  } 

STA 

TI  5 

6 

0.002-0.  004 

9 

0.  001-0.002 

Rake  Angle 

Relief  Angle, 

Rise  per  Tooth, 

(Hook),  degree* 

degrees 

inch 

„  .  „  1 

Roughening 

+5  to  +10 

3  to  4 

Same  as  cut  depth 

Tool  Geometry  J 

Finishing 

+  5  to  +10 

2  to  3 

Ditto 

(a)  From  Ref*.  (7,  12,  23). 

(b)  Ann.  =  annealed;  STA  =  «o)ution  treated  and  aged. 

(c)  AISI  designation*  used. 
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Saw  W  idth, 
inch  con't 


Minimum  Radii  Cut, 
inch  con't 


3/8 
1/2 
5/8 
3/4 
1.  0 


1- 7/16 

2- 1/2 

3-3/4 
5-7/16 
7-1/4 


Wider  saw  bands  provide  greater  stability  when 
the  saw  is  pretensioned. 

Figure  3-1.7.  2-1  illustrates  some  of  the 
common  terms  used  in  describing  sawing  ope  *• 
ations. 


Two  important  design  features  of  a  saw  band 
are  the  "pitch"  or  the  number  of  teeth  per  inch  and 
the  "set"  of  the  teeth.  The  selection  of  saw  pitch 
for  a  saw  band  cutting  titanium  depends  mainly  on 
the  cutting-contact  area.  If  the  pitch  is  too  coarse, 
the  feeding  force  on  each  tooth  will  be  excessive. 

On  the  other  hand,  if  the  pitch  is  too  fine,  the 
chips  will  crowd  or  fill  the  gullets.  In  general, 
the  coarsest  pitch  consistent  with  desired  finish 
should  be  selected;  however,  at  least  two  teeth 
should  always  contact  the  cut. 

The  6aw  set  creates  clearance  to  prevent  the 
trailing  surface  of  the  band  from  binding.  It 
determines  the  kerf  and  hence  tne  amount  of  metal 
removed.  A  fine-pitch  saw  band  with  a  light  set 
usually  gives  the  best  finish,  particularly  when 
used  with  higher  band  velocities  and  low  feed  rates, 
^his  combination  also  produces  a  slot  (or  kerf) 
which  approaches  the  overall  saw  set  dimension.  *58) 

The  following  tabulation  gives  some  data  for 
raker  set,  precision-type  band  saws  used  for 
power  band  sawing  titanium,  (59) 

Pitch  Width,  Gage  Nominal  Set, 

Teeth  per  Inch  inch  inch  inch 


4 

6 

8 

10 


1  0.  035  0.  060 

1  0.  035  0.  045:0.  058 

1  0.035  0.045:0.058 

1  0.035  0.  045:0.058 


A  right-left  raker  set  combined  with  the 
coarsest  pitch  consistent  with  the  work  thickness 
and  the  desired  finish  is  usually  adequate  for  most 
applications.  For  some  of  the  stronger  alloys  of 
titanium,  better  results  can  be  expected  from  the 
modified  design  shown  in  Figure  3-1.  7.  2-2. 

First,  the  extreme  tips  of  the  teeth  are  ground 
flat,  and  then  a  4  to  6-degree  clearance  angle  is 
added  to  the  stubs.  Next,  a  90-degree  face¬ 
cutting  angle  is  ground  on  each  tooth.  A  band  of 
this  design  can  be  reground  three  or  four  times, 
provided  it  is  removed  from  production  before 
failure  occurs.  (^>58) 


3-  1.  7.  3  Tool  Materials 


Saw  bands  utilizing  high-speed  steel  are 
recommended  for  sawing  titanium.  An  approp¬ 
riate  heat  treatment  produces  a  microstructure 
that  remains  strong  at  elevated  temperatures  in 
a  reasonably  flexible  band.  (^’^8) 

3-1,7.  4  Feeds 

Feeds  in  the  range  of  0.  00002  to  0.  00012 
inch  per  tooth  can  be  used  successfully.  The 
smaller  feeds  give  the  best  tool  life,  but  the 
heavier  feeds  increase  productivity  and  may  be 
more  economical.  Excessive  fc«.-,«,  however, 
clog  the  teeth  with  chips  before  they  emerge  from 
the  kerf  and  reduce  cutting  rates. 

Feeding  forces  must  be  reduced  as  the  saw 
pitch  decreases,  to  prevent  overloading  indivi¬ 
dual  of  teeth.  On  the  other  hand,  feeding  pres¬ 
sures  so  light  that  the  teeth  do  not  penetrate  the 
work  cause  excessive  abrasion  and  rapid  dull¬ 
ing.  (?,  12,58) 


3-1.7.  5  Cutting  Rate 

The  maximum  cutting  rate  in  band  sawing  is 
effected  mainly  by  the  thickness  of  the  workpiece. 
Faster  cutting  rates  are  achieved  in  sawing  solid 
bars  1  inch  or  greater  in  thickness  (or  diameter) 
since  more  teeth  can  be  loaded  uniformly  at  the 
same  time.  For  thinner  sections,  the  limited 
number  of  engaged  teeth  requires  a  reduction  in 
cutting  rate  to  reduce  the  feed  per  tooth.  Cutting 
rates  ordinarily  should  not  exceed  1  in.  *Vmin. 
Higher  rates  may  cause  inaccurate  cutting  and  can 
damage  the  saw  set.  In  general,  cutting  rates  are 
smaller  for  band  sawing  tubing  and  structural  mill 
shapes  th.>n  bars  and  plates.  I' >58) 

3-1.".  6  Cutting  Speed 


Band  velocity  is  a  critical  variable  in 
sawing  titanium.  Excessive  cutting  speeds  cause 
high  cutting  temperatures  and  unwanted  vibra¬ 
tions.  (58)  gan<j  velocities  used  for  sawing  ti¬ 
tanium  and  its  alloys  usually  range  from  50  to 
120  fpm,  depending  on  the  alloy,  surface  finish, 
cutting  rate,  and  tool  life  desired.  (7>  12,58)  *rhe 
following  tabulation  subdivides  this  range  accord¬ 
ing  to  alloy: 

Cutting  Speeds, 
Titanium  Material  fpm _ 


Commerc’ally  pure 
Ti-5Al-2.  5Sn 
TI-6A1-4V 


85  to  100 
60  to  70 
35  to  45 


3-1.7.  7  Cutting  Fluids 


Cutting  fluids  used  in  band  sowing  of  titanium 
include  soluble  oils,  sulfurized  oils ,  and 
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FIGURE  3-  1.  7.  2-  1.  ILLUSTRATIONS  OF  SOME 

COMMON  TERMS  USED  IN  ALLOYS*68-59) 


chlorinated  oils.  *9 »* 58-60)  jriuids  flowing 
force  fully  from  shroud-like  nozzles  will  pene¬ 
trate  the  kerf  and  prevent  chips  from  adhering 
to  the  tooth  faces  and  gullets.  An  atomized  spray 
of  soluble  oil  under  40  psi  of  psi  of  air  pressure 
also  has  been  used  with  good  results.  *58)  Boston 
suggests  that  the  latter  technique  might  be  pre¬ 
ferable  if  the  rubber  tires  on  the  band-saw  wheels 
are  subject  to  reaction  with  oil-base  fluids. 

3-1.7.  8  Band  Sawing  Techniques 


FIGURE  3-1.  7.  2-2.  A  MODIFIED 
DESIGN  SUGGESTED  FOR 
SAWING  HARD  TITANIUM 
ALLOYS(58) 

Guide  inserts  should  be  adjusted  tc  a  snug  fit  to 
ensure  accurate  cuts  and  minimum  "lead".  For 
the  same  reasons,  the  band  support  arms  should 
be  close  to  the  work. 

Heavy  oxide  films  will  cause  problems  in 
band  sawing  of  titanium.  In  fact,  an  oxide  coating 
as  thin  as  0.  001  inch  will  reduce  the  life  of  new 
-saws  drastically.  This  trouble  can  be  solved  by 
breaking  this  surface  at  the  line  of  cut  with  a  used 
saw  blade. 


Maximum  rigidity  is  needed  v/hen  sawing 
titanium  and  is  favored  by  using  the  widest  and 
thickest  band  permitted  by  the  band  wheel  and  the 
radii  to  be  cut.  The  band  should  be  pretensioned 
to  approximately  12,000  psi  to  minimize  un¬ 
necessary  bending  of  the  saw  band  in  the  cut.  **^'58) 


During  the  sawing  operations,  the  saw  band 
must  not  skew  in  the  cut.  If  the  cutting  time 
starts  to  increase  rapidly,  the  saw  band  should 
be  replaced.*9’58) 

Operating  conditions  for  band  sawing  titani¬ 
um  sheet,  plate,  bars,  and  tubing  are  suggested 
in  Tables  3- 1.  7.  8-  1  to  3-1,  7.  8-5  inclusive. 


TABLE  3-1.  7.  8-1.  RECOMMENDED*3)  SPEEDS,  FEEDS,  AND  CUTTING  RATES  FOR  BAND 
SAWING  TITANIUM  AND  ITS  ALLOYS*5’58) 


Brinell 

Band 

Cutting 

Hardness 

Speed, 

Unit  Feed, 

Rate 

Line 

Titanium  Material 

Number 

fpm 

inch/tooth 

in.  ^/min 

I 

Commercially  pure 

190-240 

50'90  lh\ 
50- 100  b 

0.  00002  to  0.  00012 

0.  25  to  0.  75 

2 

Titanium  alloys 

205-340 

0.  00002  to  0.  00012 

0.  50  to  1.  0 

(a)  Based  on  5- inch  rounds  and  a  6- pitch  saw. 

(b)  Use  lower  speeds  for  the  stronger  alloys,  i.  e.  ,  between  50  and  70  fpm. 
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TABLE  3-1.  7.  8-2.  PITCHES  OF  BAND  SAWS  RECOMMENDED 
FOR  SAWING  DIFFERENT  WORK  THICKNESSES*7  ’ b8) 


Line 

Work  Thickness , 
inch 

A/L  Rat;o*d), 
inch 

Appropriate  Pitch, 
teeth  per  inch 

1 

7/64  to  5/32 

0.  10  to  0.  15 

18 

2 

5/32  to  3/16 

0.  15  to  0.  28 

14 

3 

3/16  to  3/8 

0.  28  to  0.  375 

10 

4 

3/8  to  1.  0 

0.  375  to  1.  0 

6 

5 

1.  0  and  greater 

!.  0  and  greater 

6 

(a)  A/L  represents  the  ratio  "area  of  cut"  to  the  "length  of  the  cut". 
In  circular  sections,  A/L  equals  1/4  n  of  the  diameter.  In 
square  or  rectangular  sections,  it  equals  the  cut  thickness. 


TABLE  3-1.  7.  8-3.  RECOMMENDED  MODIFICATIONS 
OF  CUTTING  RATES  FOR  PIPE,  TUBING,  AND 
STRUCTURAL  SHAPES*7'58) 


Line 

Minimum  Wall  Thickness 
to  be  Sawed,  inch 

F raction  of  Minimum 
Cutting  Rates 

1 

Up  to  3/16 

0.  40 

y 

3/16  to  3/8 

0.  50 

3 

3/8  to  5/8 

0.  60 

4 

5/8  to  1.  0 

0.  70 

5 

1.  0  i  nch  and  over 

1.  00 

TABLE  3-1.  7.  8-4.  LINEAR  FEEDS  WHEN  BAND  SAWING  TI¬ 
TANIUM  SHEET  OR  WIRE<7<58> 


Linear  Feeds,  in.  /min,  for 
the  Band  Velocities  Indicated 


Unit  Feed, 
inch/tooth 

50 

fpm 

60  70 

fpm  fpm 

80 

fpm 

10  100 

fpm  fpm 

110 

fpm 

120 

fpm 

Saw  Pitch 

18  teeth/in. 

Sheet 

Thickness 

7/64-5/32 

in. 

A/L  Ratio 

0.  10-0.  15 

Wire,  A/L  Katie 

.  0.  10-0.  15 

0.  00002 

0.  22 

0.  26  0.  30 

0.  35 

0.  39  0.  43 

0.  47 

0.  52 

0.  00003 

0.  32 

0.  39  0.  45 

0.  52 

0.  58  0.  65 

0.  71 

0.  78 

0.  00004 

0.  43 

0.  52  0.  60 

0.  69 

0.  78  0.  86 

0.  95 

1.  04 

0.  00006 

0.  65 

0.78  0.91 

1.04 

1.17  1.30 

1.  43 

1.  55 

0.  00008 

0.  86 

1.04  1.21 

1.  38 

1.55  1.73 

1.  90 

2.  07 

0.  00010 

1.  08 

1.30  1.51 

1.73 

1.94  2.  16 

2.  ;s 

2.  59 

0.  00012 

1.  3 

1.55  1.81 

2.  08 

2.  33  2.  59 

2.  85 

3.  11 

Saw  Pitch 

14  teeth/in. 

Sheet 

Thickness 

5/32-2/16 

in. 

A/L  Ratio 

0.  10-0.  23 

Wire,  A/L  Ratio  0.10-0,15 

0.  00002 

0.  17 

0.  20  0.  24 

0.  27 

0.  30  0.  34 

0.  37 

0.  40 

0.  00003 

0.  25 

0.  30  0.  35 

0.  40 

0.45  0.50 

0.  56 

0.  61 

0.  00004 

0.  34 

0.40  0.47 

0.  54 

0.  60  0.  67 

0.  74 

0.  81 

0.  00006 

0.  50 

0.61  0.71 

0.  81 

0.91  1.01 

1.  11 

1.  31 

0.  00008 

0.  67 

0.81  0.94 

1.  08 

1.21  1.34 

1.  48 

1.  62 

0.  00010 

0.  84 

1.01  1.18 

1.35 

1.51  1.68 

1.85 

2.  02 

0.  00012 

1.  01 

1.21  1.41 

1.  61 

1.81  2.02 

2.  22 

2.  42 
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TABLE  3- I.  7.  8-5.  LINEAR  FEEDS  WHEN  BAND  SAWING  TITANIUM  BARS,  PLATE.  AND  ROUNDS*7 ' 58) 


Unit  Feed, 
inch/tooth 

Linear  Feeds,  in.  /min,  for 
the  Band  Velocities  Indicated 

50 

fpm 

60 

fpm 

70 

fpm 

80 

fpm 

90 

fpm 

100 

fpm 

110 

fpm 

120 

fpm 

Saw  Pitch 

10  teeth/in. 

Bar  and 

Plate 

Thicknes  s 

3/16- 

3/8  in. 

A/L  Ratio 

0.  28- 

0.  37  5 

Rounds, 

A/L  Ratio  0.  23- 

0.  375 

0.  00002 

0.  12 

0.  14 

0.  17 

0.  19 

0.  22 

0.  24 

0.  26 

0.  29 

0.  00003 

0.  18 

0.  22 

0.  25 

0.  29 

0.  32 

C.  36 

0.  40 

J.  43 

0.  00004 

0.  24 

0.  29 

0.  34 

0.  38 

0.  43 

0.  48 

0.  53 

C.  58 

0.  00006 

0.  36 

0.  43 

0.  50 

0.  53 

0.  64 

0.  72 

0.  79 

0.  36 

0.  00008 

0.  48 

0.  58 

o. 

0.  77 

0.  86 

0.  96 

1.  06 

1.  15 

0.  00010 

0.  60 

0.  72 

0.  84 

0.  96 

1.  08 

1.  20 

i.  32 

1.  44 

0.  00012 

0.  72 

0.  86 

1.  01 

1.  15 

1.  30 

1.  44 

1.  58 

1.  73 

Saw  Pitch 

6  teeth/in. 

Bar  and  Plate 

Thic  kness 

3/8  in.  and  greater 

A /  L  Ratio 

0.  375 and  greater 

Rounds, 

A/L  Ratio  0.  375  and  greater 

0.  00002 

0.  07 

0.  09 

0.  10 

0.  12 

0.  13 

0.  14 

0.  16 

0.  17 

0.  00003 

0.  11 

0.  13 

0.  15 

0.  17 

0.  20 

0.  22 

0.  24 

0.  26 

0.  00004 

0.  14 

0.  17 

0.  20 

0.  23 

0.  26 

0.  29 

0.  32 

C.  35 

0.  00006 

0.  22 

0.  26 

0.  30 

0.  35 

0.  39 

C.  43 

0.  48 

0.  52 

0.  00008 

0.  29 

0.  35 

0,  40 

0.  46 

0.  52 

0.  58 

0.  63 

0.  69 

0.  00010 

0.  36 

0.  43 

0.  50 

0.  58 

0.  65 

0.  72 

0.  79 

0.  86 

0.  00012 

0.43 

0.  52 

0.  60 

0.  69 

0.  78 

0.  86 

0.  45 

1.  04 

3-1.8  REFERENCES 


(1)  "Manual  on  Machining  and  Grinding  of  Titanium 
Alloys".  TML  Report  No.  80,  Defense  Metals 
Information  Center,  Battelle  Memorial  In¬ 
stitute,  Columbus,  Ohio  (August  20,  1957). 

(2)  Van  Voast,  J.  ,  "Increased  Produc'ion,  Reduced 
Costs  Through  3  Better  Understanding  of  the 
Machining  Process,  and  Control  of  Macerials, 
Tools,  and  Machines,  Volume  III",  published 
by  Curtiss-W right  Corporation,  Wood-Ridge, 
New  Jersey,  for  the  U.  S.  Air  Force  Wright- 
Patterson  Air  Force  Base  on  Air  Force  Con¬ 
tract  No.  33(038)-994S  (1954). 


t 


(3)  Milling,  Drilling,  and  Tapping  the  Difficult  to 
Machine  Materials,  Metal  Cutting  Institute, 
New  York,  Hew  York  (1958). 

(4)  Williams,  S.  S.  ,  "Titanium  Machining", 
Convair-San  Diego,  General  Dynamics  Cor¬ 
poration,  San  Diego,  California  (January, 
1954). 


(5)  "Metal  Removal",  Special  Report  of  Boeing 
Airplane  Company  on  U.  S.  Air  Force  Con¬ 
tract  No.  AF  33(600)-31802. 

(6)  Gunter,  J.  L.  ,  "Determination  of  Adaptability 
of  Titanium  Alloys  -  Volume  3  -  Processes  and 
Parts  Fabrication",  Final  Report  AMC-TR-58- 
7-574,  of  Boeing  Company,  Seattle.  Washington, 
on  Air  Force  Contract  No.  AF  33(600)-33765, 
DDC  -  AD  156058  (December  1,  1958). 

(7)  "Machining  and  Grinding  of  Titanium  and  Ti¬ 

tanium  Alloys",  NASA  Technical  Memorandum 
No.  X53oit.,  prepared  for  Redstone  Scientific 
Center,  U.  S.  Army  Missile  Command,  Red¬ 
stone  Arsenal,  Alabama  by  Battelle  Memorial 
Institute,  Columbus,  Ohio,  Contract  No,  DA- 
01-021-AMC1 1  (August  4,  1965). 

(8)  "Machining  of  Titanium  Alloys",  DMIC  Memor¬ 
andum  No.  199,  Defense  Metals  Information 
Center,  Battelle  Memorial  Institute,  Columbus, 
Ohio  (February  2,  1965). 


I 


if* 


3-  1:67-38 

(9)  A  Treatise  on  Milling  and  Milling  Machines, 
Third  Edition,  The  Cinfinnati  Milling  Machine 
Company,  Cincinnati,  Ohio  (1951). 

(10)  Vaughn,  R.  L.  ,  and  Roderick,  R.  1..  "In¬ 
creased  Machining  Efficiencies  Thiough 
Research  and  Development",  Western  Ma¬ 
chinery  and  Steel  World,  57  (2)  (February, 
1966). 

(11)  Colton,  R.  M.  ,  "Experimental  and  Production 
Machining  of  Titanium  Alloys",  ASTME  Paper 
No.  SP63-191  presented  at  the  1962-  1963 
Creative  Manufacturing  Seminar  of  the  Ameri¬ 
can  Society  of  Tool  and  Manufacturing  Engi¬ 
neers,  Detroit  38,  Michigan. 

(12)  Boston,  O.  W.  ,  et  at,  "Machining  Titanium", 
Final  Report  ol  Production  Engineering  De¬ 
partment,  Umverstiy  of  Michigan,  on  U.  S. 
Army  Contract  No.  20-018-ORD-  1  19  18  (1955). 

(13)  Leventhal,  G.  C.  ,  "Titanium,  A  Metal  for 
Surgery",  Journal  of  Bone  and  Joint  Surgery, 
33- A ,  p  473  (1951). 

(14)  Phillips,  J.  ,  "Cutter  Geometry,  8-1-1  Ti¬ 
tanium",  paper  presented  at  the  National 
Aeronautic  and  Space  Engineering  an!  Manu¬ 
facturing  Meeting  of  the  Society  of  Automo¬ 
tive  Engineers,  at  Lo6  Angeles,  California 
(Printed  by  the  Boeing  Company)  (October  6, 
1964). 

(15)  Bertrand,  I.  L.  Q.  ,  and  Dawson,  C.  A.  ,  "Prin¬ 
ciples  of  Fixturing  for  Machining  of  Aerospace 
Materials",  Lockheed  Missile  &  Space  Cor¬ 
poration,  Sunnyvale,  California,  Preprint 

of  Technical  Paper  No.  MR66-716,  presented 
at  1963  Engineer'ng  Conference,  sponsored  by 
ASTME  (March,  1966). 

(16)  Olynik.  H.  ,  'Face  Milling  and  End  Milling  of 
Titanium  Alloys  6A1-4V  and  13V-11  Cr-3A1" 
Grumman  Aircraft  Engineering  Corporation, 
Bethpage,  New  York,  ADR  08-08-64,  2  (Sep¬ 
tember,  1964). 

(17)  Guerin,  Roland  L.  ,  Slom’ak,  S,  ,  Schneider, 

S.  ,  "8-1-1  Titanium  Alloy  -  Machining  - 
Assembly  -  Fastening",  Materials  and 
Manufacturing  Techniques  foi  Supersonic 
Aircraft,  SAE  National  Aeronautics  and  Space 
Engineering  and  Space  Meeting,  Los  Angeles, 
California  (October  5-9,  1964). 

(18)  "700  SFPM  Attained  in  Cutting  Titanium", 
Metalwcrking  News  (March  8,  1965). 

(19)  "Machining  Characteristics  of  High-Strength 
Thermal  Resistant  Materials",  Final  Techni¬ 
cal  Report,  AMC-TR-60-7-532,  by  Metcut 
Research  Associates  and  Curtiss- Wright  Cor¬ 
poration  under  U.  S.  Air  Force  Contract  No. 
AF  33(6n0)-35967  (May,  1960). 


(20)  "Machining  Titanium  Alloys",  Lockheed  Shop 
Manual  SP513,  Advance  Development  Projects, 
Lockheed  Aircraft  Corporation.  Burbank, 
California  (May,  1963). 

(21)  Machining  Data  Handbook,  prepared  for  the 
Rock  Island  Arsenal,  S.  Army  by  Metcut 
Research  Associates ,  Cincinnati.  Ohio,  Con¬ 
tract  DA- 1 1-070- AMC-224(W)  (1966). 

(22)  "Metal  Removal  Process  Procedures",  Lock¬ 
heed  Report  SP-479,  Advanced  Development 
Projects,  Lockheed  Aircraft  Corporation. 
Burban.c,  California  (October  1,  1963). 

(23)  "Machining  Data  for  1  itanium  Alloys",  AFMDC 
65-1,  Air  Force  Machinability  Data  Center, 
Cincinnati,  Ohio,  Contract  No.  AF  33(615)- 
2161  (August  1  ,  1965). 

(24)  Campbell,  G.  P.  ,  "Milling  and  Contour  Cut¬ 

ting",  paper  presented  at  ASM  Titanium  Con¬ 
ference,  Los  Angeles,  California  (March 
25-29,  1957). 

(25)  Zlatin,  N.  ,  Field,  M.  .  and  Cioul  ,  J.  "Ma¬ 

chining  of  Refiactory  Materials",  ASD  TR 
7-532a  (VIII)of  Metcut  Research  Associates 
Incorporated,  Cincinnati,  O  no,  for  U.  S.  Air 
Force  ot.  Contract  No.  AF  33(600)-42349  (Au¬ 
gust  1  to  October  31,  1962)  (November,  1962). 

(26)  Field,  M.  ,  Zlatin,  N.  ,  and  Jameson,  R.  T.  , 

"Machining  Difficult  Materials.  .  .  Titanium 
Alloys",  Metal  Progress,  87  (2),  84-89 
(February,  1965). 

(27)  Zlatin,  N.  ,  Field,  M.  ,  and  Koster,  W.  P.  , 

"Final  Report  on  Machinability  of  Materials", 
Metcut  Research  Associates,  Incorporated, 
Cincinnati,  Ohio,  Final  Technical  Report 
No.  AFML-TR-65-444,  January,  1966,  Air 
Force  Materials  Laboratory,  AF  33(615)—  1  385 
(May  15.  1964-Decemb«  r  31,  1965). 

(28)  "Machining  Data  for  Numerical  Control  Face 

Milling",  AFMDC  66-  1.  2,  Air  Force  Ma¬ 
chinability  Data  Center,  Metcut  Research 
Associates,  Inc,  ,  Cincinnati,  Ohio,  Contract 
AF  33(615)5262  (August,  1966). 

(29)  "Machining  Data  for  Numerical  Control,  End 

Milling  Slotting",  AFMDC  66-1.  5,  A  r  Force 
Machinability  Data  Center,  Metcut  Research 
Associates,  Inc.  ,  Cincinnati,  Ohio,  Contract 
AF  33(6l5)-5262  (September,  1966). 

(30)  'Machining  Data  for  Numerical  Contiol,  Peri¬ 
pheral  End  Milling",  AFMDC  66-1.  5,  Air 
Force  Machinability  Data  Center,  Metcut  Re¬ 
search  Associates,  Inc.  ,  Cincinnati,  Ohio, 
Contract  AF  33(615)-5262  (September,  1966). 


uaijffls s»£»  fflafieSBaMS 


(31)  Hill,  F.  S,  ,  "Evaluation  of  Ceramic  Tools 
for  Turning  Titanium,  Inconel  W,  and  Mild 
Steel",  Report  No.  6,  Aviation  Gas  Turbine 
Division,  Westinghouse  Electric  Corporation 
(February  14,  1957). 

(32)  Halliday,  W.  M.  .  "A'achining  Work- Hardening 
Alloy  Steels,  Part  £■',  Tooling  and  Production, 
2J_  (10),  64-66,  108-  110  (January,  1956); 

(11),  87-88,  138-140  (February,  1956). 

(33)  "Study  of  Machinability  Characteristics  of 

Titanium  Alloys",  Progress  Report  of 
Massachusetts  Institute  of  Technology  on 
Air  Force  Contract  No.  AF  33(600)-3 1636 
(1956). 

(34)  "Machining  Data  for  Numerical  Control, 

Turning",  AFMDC  66-1.  1,  Air  Force 
Machinability  Data  Center,  Metcut  Research 
Associates,  Incorporated,  Cincinnati,  Ohio, 
Contract  AF  33(615)— 5262  (June,  1966). 

(35)  Campbell,  G.  P.  and  Searle,  A.  ,  "How  to 

Drill  6A1-4V  Titanium  Alloy",  Mechanical 
Engineering,  pp  1025-1028  (November, 

1957). 

(36)  DiGregorio,  A.  ,  "Drilling  Machines", 

Paper  No.  398,  Vol  62,  Book  1,  American 
Society  of  Tool  and  Manufacturing  Engineers 
(1962). 

(37)  Cygen,  J.  H.  ,  "Drilling  and  Piercing  and 
Planing  of  High-Strength,  Thermal  Resis¬ 
tant  Ferrous  and  Titanium  Sheet",  Report 
No.  MRS-56- 197,  Convair  -  San  Diego 
Division,  General  Dynamics  Corporation. 

(38)  Pickrell,  A.  L.  ,  and  Kennision,  T.  ,  "As¬ 
sembly  Drilling  of  6  A1-4V  Titanium  Alloy 
Sheet",  Preliminary  Report  XTM-R-97, 
Boeing  Company,  Seattle,  Washington 
(February,  1956). 

(39)  Meany,  W.  J.  ,  and  Morehouse,  D.  ,  "De¬ 
veloping  a  Fast  Method  for  Drilling  and  Tap¬ 
ping  Titanium",  Light  Metal  Age,  _1_7  (9,10), 
12-13,  18  (October,  1959). 

(40)  Mathewson,  C.  ,  and  Jana,  F.  A.  ,  "Tips  on 
Machining  Titanium",  American  Machinist/ 
Metalworking  Manufacturing,  105  (14), 
o3-84  (July,  1961). 

(41)  Haggerty,  W.  A.  ,  "The  Effect  of  Drill 
Symmetry  on  Performance",  Paper  No, 

254,  Vol  60,  Book  1,  American  Society  of 
Tool  and  Manufacturing  Engineers  (April 
21-28,  I960). 


3-1:67-39 

(42)  Zlatin,  N„  ,  "Machining  Titanium",  Proceed¬ 
ings  of  the  Symposium  on  Machining  and 
Grinding  of  Titanium,  Watertown  Arsenal, 
Watertown,  Massachusetts  (March  31,  1953). 

(43)  Langlois,  A.  ,  Murphy,  J.  F.  ,  and  Greer., 

E.  D.  ,  "Titanium  Development  Program 
Volume  III",  ASD  TR  61-7-576,  Convair, 
Division  of  the  General  Dynamics  Corporation, 
San  Diego,  California,  for  the  U.  S.  Air 
Force,  Wright- Patterson  Air  Force  Base  on 
Contract  No.  AF  33(600)-34876  (May,  1961). 

(44)  Stewart,  I.  J.  ,  "Machining  Characteristics  of 
Aged  Titanium  Alloy  13V-  i  lCr-3Al",  Paper 
No,  505D,  presented  at  the  National  Aero¬ 
nautics  Meeting  of  the  Society  of  Automotive 
Engineers,  New  York,  New  York  (April  3-6, 
1962). 

(45)  Myers,  D.  E.  ,  "DOD  High-Strength  Titanium 
Alloy  Sheet  Research  Program",  No.  NA57H- 
527-10  of  the  North  American  Aviation,  Incor¬ 
porated,  Columbus,  Ohio,  for  the  U.  S,  Navy 
on  Contract  NOas  57-785d  (January  28,  1960); 
AD  233295. 

(46)  "Machining  Data  for  Numerical  Control, 

Drilling",  AFMDC  66-1.  3,  Air  Force  Ma¬ 
chinability  Data  Center,  Metcut  Research 
Associates,  incorporated  Contract  AF  33(615)- 
5262  (August,  1966). 

(47)  Borner,  J.  ,  "Investigation-Tapping  of  Titani¬ 
um;  Evaluation  of  Smith  and  Wiese  Electro- 
Fneumatic  Oscillating  Tapping  Machine", 

MRD  Report  No.  55-20-1,  Republic  Aviation 
Corporation,  Farmingdale,  New  York  (April 
13,  1955). 

(48)  Cook,  Earl,  "Tapping  Titanium  Demands 
Special  Considerations",  Machinery,  pp 
176-179  (March,  1956). 

(49)  "Tapping  Titanium  Alloys",  Metal  Industry, 

89  (11),  209  (September,  1956). 

(50)  "Machining  Data  for  Numerical  Control, 
Tapping",  AFMDC  66-1.6,  A*/  Force  Machin¬ 
ability  Data  Center,  Metcut  Research  As- 
sociatss.  Incorporated,  Cincinnati,  Ohio, 
Contract  AF  33(515)—  5262  (November,  1966). 

(51)  Johnson,  R.  V.  ,  "Tapping  Large  Diameter 
Holes  in  8-1-1  Titanium",  Boeing  Report 
MDR  2-22272,  The  Boeing  Company,  Seattle, 
Washington  (August  4,  1964), 

(52)  Woodcock,  F,  L.  ,  Design  of  Metal  Cutting 

Tools .  First  Edition,  McGraw-Hill  Book 
Company,  New  York,  New  York  (1948). 


3-1:67-40 


(53)  Zlatin,  N.  ,  "How  to  Machine  3Al-5Cr  Titani¬ 
um  Alloy",  American  Machinist,  99,  137-139 
(April  11,  1955). 

(54)  Gilbert,  W.  W.  ,  "Reaming  of  Ti-75A,  and 
Ti-150A  with  High-Speed  Steel  Reamers", 
Report  No.  19  of  the  University  of  Michigan, 
Engineering  Research  Institute,  Ann  Arbor, 
Michigan,  for  the  U.  S.  Army  on  Contract  No. 
DA-20-018-ORD-11918  (June,  1953),  AD 
28153. 

(55)  Calvin,  F.  H.  ,  and  Stanley,  F.  A.  ,  Drilling 
an.d  Surfacing  Practice,  Third  Edition, 
McGraw-Hill  Book  Company,  New  York, 

New  York  (1948). 

(56)  Boston,  O.  W.  ,  Metal  Processing,  First 
Edition,  Jc*  Wiley  &  Sons,  Inc.  ,  New  York, 
New  York  /41). 


(57)  Tool  Engineers  Handbook,  Second  Edition, 

F.  W.  Wilson,  Editor,  McGraw-Hill  Book 
Company,  Inc.  ,  New  York,  New  York, 
(Section  29  -  Reaming:  Section  34  -  Broach¬ 
ing)  (1959). 

(58)  "Bandsawing  of  Titanium  and  Titanium  Al¬ 
loys",  DMIC  Memorandum  No.  23,  Defense 
Metals  Information  Center,  Battelle  Memori¬ 
al  Institute,  Columbus,  Ohio  (July  1,  1959). 

(59)  Fundamentals  of  Band  Machining,  Wilkie 
Brothers  Foundation,  Delmar  Publishers, 

Inc.  ,  Alban,  New  York  .’1964). 

(60)  "How  to  Saw  Titanium",  Steel,  October  8, 

1956,  p  100. 


I 

i 


! 

i 


3-2  Grinding  and  Abrasive  Cutting 
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3-2.1  PRECISION  WHEEL  GRINDING 
3-2.  1.0  Intx  oduction 

Titanium  and  its  alloys  can  be  ground  at  about 
the  same  rate  as  hardened  high-speed  steels  and 
die  steels.  Moderately  light  cuts  are  recommended, 
and  periodic  dressings  are  required  to  keep  the 
wheel  in  proper  condition. 

Titanium  can  crack  when  ground  under  the 
conditions  normally  used  for  production  steels. 

Under  proper  grinding  conditions  for  titanium, 
however,  grinding  cracks  are  no  longer  the  pro¬ 
blem  they  once  were  when  alloys  were  not  of  the 
present  high  quality.  An  etching  solution  contain¬ 
ing  hydrofluoric  and  nitric  acids,  sometimes  used 
to  reveal  cracking,  may,  by  itself  cause  cracks 
if  the  nitric  acid  content  is  too  low  and  high  tensile 
stresses  exist  in  surface  layers. 

Smearing  of  ground  titanium  surfaces  pri¬ 
marily  results  from  wheel  loading,  although  setup 
rigidity,  wheel  speed,  and  wheel  characteristics 
all  contribute  to  this  problem. 

Grinding  difficulties  can  be  minimized  by 
employing  the  proper  type  of  wheels  at  low  wheel 
speeds  and  feeds,  and  by  flooding  the  grinding  area 
with  inhibitor  or  purging  types  of  cutting  fluids. 
Grinding  temperatures  must  be  kept  low  to  keep 
stresses  low. 

In  spite  of  the  advances  made  in  the  last 
few  years,  the  aircraft  and  missile  industries 
still  retain  a  cautious  altitude  toward  grinding 
of  titanium.  (1) 


If  a  choice  of  finish-machining  methods  exists, 
serious  considerations  should  be  given  to  turning, 
boring,  or  milling  operations  rather  than  grinding. 
These  operations  require  less  time  than  grinding 
and  give  excellent  surface  finishes.  ^ 


3-2.  1.  1  Equipment 


Many  high-quality  grinders  are  available 
today.  Most  of  the  existing  machines  can  be  set 
for  the  required  light  downfeeds,  although  some 
have  no  means  of  adjusting  the  spindle  speed. 
Furthermore,  not  many  production  grinders  are 
equipped  with  automatic  wheel-we3r  compensation. 
These  devices  improve  dimensional  control,  es¬ 
pecially  when  softer  wheels  are  used.  Several 
existing  grinders  are  being  modernized  to  provide 
wheel  speeds  suitable  for  titanium  and  other  high- 
strength  alloys.  Devices  for  automatic  gaging  and 
sizing,  wheel  dressing,  and  wheel  compensation  are 
being  added  to  the  ultra-precision  grinders.  In¬ 
creased  rigidity  in  the  spindle  system,  together 
with  automatic  wheel  balancing  are  highly 


recommended  features  for  grinding  the  high-strength 
thermal-resistant  materials. 


■2.  1.  2  Wheel  Properties  and  Characteristics 


Wheel  wear  occurs  by  attrition,  which  causes 
flat  spots  on  individual  grains;  by  grain  fractures, 
which  expose  new  and  sharp  cutting  points  and  edges; 
and  by  bond  fracture,  which  causes  abrasive  grains 
to  leave  the  wheel  individually  or  in  clusters. 


Normal  attrition  of  a  grinding  wheel  involves, 
as  a  continuous  process,  a  gradual  smoothening  of 
the  individual  abrasive  grains  during  cutting.  This 
is  followed  by  intergranular  fractures,  which  are 
supposed  to  provide  successively  new,  sharp-edged 
cutting  surfaces  until  the  workpiece  material  is 
deposited  on  and/or  between  the  abrasive  grains,  a 
situation  that  can  cause  either  loading  or  glazing. 

If  the  grains  break  away  too  rapidly,  either  during 
grinding  or  by  frequent  wheel  dressing,  wheel  wear 
becomes  excessive.  ^ 


Loading  can  occur  whether  the  wheel  is  shr.rp 
or  dull,  although  dulling  will  intensify  the  loading 
process.  As  loading  progresses,  the  grinding  action 
decreases  until  burnishing  occurs.  Then  the  grind¬ 
ing  temperature  rises,  causing  high  residual  tensile 
stresses  in  the  ground  surface,  and  low-grinding 
ratios.  Glazing  is  similar,  except  that  the  tips  of 
the  grain  wear  smooth  and  become  shiny  through 
friction.  Smooth  wheels  resulting  from  either  cause 
burnish  the  workpiece  and  may  result  in  burning, 
high  residual  stresses,  and  cracked  surfaces.  '3) 

The  problems  described  above  can  be  controll¬ 
ed  by  choosing  the  right  grinding  wheel. 

Grinding  wheels  are  available  in  various 
combinations  of  grit  sizes,  wheel  hardenesses,  and 
bond  materials.  These  attributes  influence  metal- 
removal  rates  and  wear  for  specific  grinding  condi¬ 
tions. 

The  size  of  the  abrasive  grains  influences  the 
efficiency  of  grinding  by  affecting  the  rate  of  inter¬ 
granular  fracturing,  and  the  consequent  supply  of 
fresh  cutting  edges.  Smaller  grains  tend  to  leave 
the  wheel  prematurely,  resulting  in  faster  wear. 
Larger  grains  are  usually  more  difficult  to  pene¬ 
trate  and  fracture.  Consequently,  they  dull  ex¬ 
cessively  before  leaving  the  wheel.  The  optimum 
grit  size  for  aluminum  oxide  wheels  is  between  60 
and  80.  The  optimum  grit  cize.  for  silicon  carbide 
wheels  is  between  80  and  100.  ('3 -6) 

The  material  used  to  bond  the  abrasive  grits 
determines  the  wheel  hardness.  It  is  usually  desir¬ 
ably  to  use  the  hardest  wheel  that  v,ill  not  cause 
burning  or  smearing  of  hard  alloys,  or  produce 
chatter  on  softer  alloys. 
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For  this  reason,  the  medium  grades,  J  to  M, 
seem  to  be  the  most  suitable  for  titanium.  For 
example,  tht  ''M"  grade  in  aluminum  oxide  wheels 
exhibits  between  30  to  50  percent  higher  grinding 
ratios  than  t’’  softer  "K"  grade,  depending  on  the 
cutting  fluid  used.  The  softer  wheels,  however, 
perform  better  at  higher  speeds:  the  harder  wheels 
at  somewhat  slower  speeds.  W>S) 

Vitrified  bfnd  materials  seem  to  give  the  best 
performance,  possibly  because  they  are  more  por¬ 
ous.  As  such,  they  permit  better  swarf  clearances 
and  result  in  lower  grinding  temperatures.  (2,3,6) 

3-2.  1.  3  Abrasive  Materials  Ueed 

The  choice  of  a  silicon  carbon  or  aluminum 
oxide  wheel  depends  on  the  grinding  application. 

Silicon  carbide  wheels  usually  produce  a 
better  surface  finish.  On  the  other  hand,  aluminum 
oxide  wheel  may  give  lower  residual  stresses  in 
the  workpiece  because  they  are  used  at  lower 
speeds.  Silicon  carbide  wheels,  unfortunately, 
need  grinding  oils,  and  this,  plus  the  higher 
grinding  speeds  involved,  produce  a  definite  fire 
hazard. 

Wheels  made  with  black  or  regular  silicon 
carbide  abrasive,  such  as  37C*,  seem  to  be  in¬ 
ferior  to  those  with  aluminum  oxide  abrasives  made 
by  the  same  manufacturer  from  the  standpoint  of 
wheel  wear  when  each  is  run  at  its  optimum  speed 
with  the  same  grinding  fluid.  The  optimum  speed 
for  silicon  carbide  wheels  is  much  higher  than  that 
of  an  aluminum  oxide  wheel.  In  fact,  if  a  wheel 
must  be  operated  in  the  vicinity  of  6000  fpm,  be¬ 
cause  of  equipment  limitations,  silicon  carbide 
wheels  give  better  results  than  aluminum  oxide 
wheels,  (2,3,5) 

Aluminum  oxide  wheels  with  special  friable 
abrasives,  such  as  32A*  or  its  equivalent,  have 
been  found  to  be  the  most  satisfactory  for  titanium. 
However,  white  aluminum  oxides,  such  as  Grade 
38A*,  can  be  substituted  at  a  sacrifice  of  about 
20  percent  in  wear  rate. 

Table  3-2.  1.  3-1  shows  some  abrasive-grain 
classifications,  listed  by  manufacturers,  which 
may  be  comparable.  However,  grinding  wheels 
from  different  suppliers  are  not  necessarily  iden¬ 
tical. 


3-2.  1.4  Feeds 


Two  types  of  feeds  are  involved  in  grinding: 
the  downfeed  and  the  cross  feed.  The  former  is 
similar  to  the  depth  of  cut  in  machining,  while  the 
latter  corresponds  to  the  feed. 

The  lightest  downfeeds  (0.  0005  ipp)  seem  to 
give  the  highest  G-ratios  over  a  wide  range  of 
cross  feeds  (between  0.  025  and  0.  25  ipp).  How¬ 
ever,  as  the  downfeed  is  successively  increased 
from  0.  0005  to  0.  0015  ipp,  the  grinding  ratio  falls, 
and  does  so  more  rapidly  as  the  unit  cross  feed 
is  increased.  Hence,  a  cross  feed  of  around  0.  050 
ipp  is  normally  used,  together  with  downfeeds  of 
between  0.  0005  and  0.  001  ipp.  Heavier  _ownfeeis 
can  cause  burning  and  excessive  wheel  wear.  The 
cross  feed,  however,  may  be  increased  to  0.  10 
ipp,  provided  the  downfeed  is  decreased  to  0.  0005 
ipp.  (2, 3, 5, 6) 


3-2,  1.  5  Grinding  Speed 

Using  a  given  grinding  wheel  and  coolant, 
an  optimum  grinding- speed  range  can  effect  much 
higher  grinding  ratios  (G-ratios)  than  a  speed  a  few 
hundred  feet  per  minute  faster  or  slower.  For 
the  aluminum  oxide  wheel  32A60VBE,  these 
optimum  speeds  appear  to  be  between  1500  and 
2800  fpm  for  both  grinding  oils  and  rust- inhibitor 
coolants.  (3 >5, 6)  ]por  8iijcon  carbide  wheels,  the 
optimum  speed  seems  to  be  in  the  range  from  4000 
to  4500  fpm  when  a  grinding  oil  is  being  used.  (5) 
Where  it  is  necessary  to  use  the  conventional 
speed  of  about  6000  fpm,  silicon  carbide  wheels 
give  the  best  wheel  life,  but  surface  damage  can 
be  significant. 


Wheel  speeds  of  4000  fpm  can  be  used  with 
silicon  carbide  wheels  and  sulfochlorinated  oils 
to  produce  a  good  combination  of  surface  finish 
and  dimensional  tolerance  with  relatively  low 
residual  stresses.  Lower  residual  stresses  are 
produced  at  low  wheel  speeds  (1800  fpm)  using 
aluminum  oxide  grinding  wheels  and  rust- 
inhibitor- type  fluids.  ' 


A  word  should  be  added  about  table  speed. 
The  G-  ratio  for  the  32A60VBE  wheel  running  at 
1  600  fpm  peaks  at  200  ipm  table  speed.  This 
speed,  however,  ia  too  low  for  practical  grinding, 
Hence,  the  recommended  table  speeds  are  in  the 
somewhat  higher  range  of  300  to  500  ipm.  (2,5,6) 


Table  3-2.  1.  3-2  explains  the  nomenclature 
used  for  grinding  wheels  and  illustrates  a  typical 
marking  sequence. 


*  Notion  Symbol. 


3-2.  1.  6  Grinding  Fluids 

The  selection  of  a  grinding  fluid  is  very  im¬ 
portant,  since  the  application  involves  not  only 
cooling  but  also  inhibiting  the  surface  action 
between  titanium  and  the  abrasive  wheel.  Titani¬ 
um  and  its  alloys  should  never  be  ground  dry. 

Dry  grinding  results  in  excessive  residual  stresses 
in  the  ground  part  in  addition  to  tho  fire  hazard 
that  is  present  from  dry  titanium-metal  dust.  (*>) 


TABLE  3-2.  1.  3-1.  TYPES  OF  ALUMINUM  OXIDE  AND  SILICON  CARBIDE  ABRA¬ 
SIVES  USED  FOR  GRINDING  TITANIUM 


Abrasive 

Manufacturer 

Abrasive  Designation 

Special  Friable 
Aluminum  Oxide 

While 

Aluminum  Oxide 

Black  or  Regular 
Silicon  Carbide 

Norton 

32A 

38A 

37C 

Cincinnati 

4A 

9A 

6C 

Carborundum 

-- 

AA 

C 

Bay  State 

3A-8A 

9A 

2C 

Chicago 

52A 

53A 

49C 

Desanno 

7A 

9A 

C 

Macklin 

26A 

48A 

C 

Simonds 

7A 

8A 

C 

Sterling 

HA 

WA 

C 

Water  alone  is  not  suitable,  and  ordinary 
soluble  oils  do  not  produce  good  grinding  ratios, 
although  they  do  reduce  the  fire  hazard  of  grinding. 
{See  Table  3-2.  1.7-1,  for  suitable  grinding  fluids. ) 

The  highly  chlorinated  oils*  give  some  of  the 
highest  G-ratios,  especially  with  silicon  carbide 
wheels.  Some  of  the  conventional  sulfurized  and 
chlorinated  grinding  oils  also  have  proved  quite 
satisfactory.  Some  of  the  nitrite-amine  type  rust 
inhibitors  give  good  results,  especially  with  alumi- 
inum  oxide  wheels. 

The  degree  of  concentration  or  dilution  of  a 
grinding  fluid  plays  an  important  part  in  the  grind¬ 
ing  action.  Maximum  G-ratios  are  obtained  with 
undiluted  oils.  When  grinding  oils  are  diluted 
with  plain  mineral  oil,  most  of  their  advantages 
are  lost. 

r 

The  rust  inhibitors  should  be  used  at  about 
10  percent  concentration.  This  gives  a  reasonable 
grinding  ratio  without  the  practical  difficulties 
caused  by  higher  concentrations. 

All  fluids  should  be  filtered  to  remove  grit 
and  to  prevent  "fish  tail"  marks  on  finished  sur¬ 
faces.  Fluids  should  be  changed  more  often 
than  is  customary  in  grinding  steel.  (2,9, 10) 

3-2. 1.7  Recommended  Techniques  and  Inspection 

Titanium  and  titanium  alloys  have  similar 
grinding  characteristic*  ,  except  that  the  former 
may  give  a  little  better  wheel  life.  In  both  cases, 
there  is  a  very  limited  operating  range;  hence, 


♦See  Section  3-0.  1.4  for  precauvia.ns  in  the  use  of 
chlorinated  oils. 


care  must  be  taken  to  establish  rather  precise 
grinding  conditions. 

The  following  recommendations  are  reviewed 
in  order  to  provide  the  good  grinding  conditions 
needed  for  titanium; 

(1)  High-quality  grinders  with  variable- 
speed  spindles 

(2)  Rigid  setup  of  work  and  wheel 

(3)  Rigid  mechanical  holding  fixtures 

(4)  Arbors  for  external  grinding 

(5)  Oxidized  machine  centers  to  prevent  gall¬ 
ing  of  small  parts 

(6)  Backing  whenever  necessary  to  overcome 
deflection  of  the  work. 

Wheel  grades  should  be  chosen,  using  the 
following  suggestions  as  guides: 

fl)  The  largest  practical  diameter  and  width 
of  wheel  should  be  used 

(2)  Grits  should  possess  the  characteristics 
of  progressive  intergranular  chipping  as 
flat  spots  develop  by  attrition 

{3)  The  abrasive  grain  should  be  of  optimum 
size;  smaller  sizes  allow  whole  grains  to 
leave  the  wheel  prematurely,  resulting  in 
higher  wheel  gear 

(4)  The  hardest  wheel  that  will  not  cause 
burning  or  smearing  should  be  used 

(5)  Vitrified  materials  are  best  in  that  they 
are  more  porous,  permit  better  swarf 
clearance,  and  result  in  grinding  at  lower 
temperatures. 

Adjustments  in  wheel  speed,  work  speed  and 
feed,  truing  conditions,  and  the  grinding  fluid  may 
compensate  for  the  selection  of  a  wheel  with  less 
than  optimum  characteristics.  Troubles  originating 
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TABLE  3-2. 1.3-2.  CHART  OP  MARKINGS  ON  GRINDING  WHEELS 


Abrasive  Symbol/*) 


Sill  coo 
Carbide 

Aluminum 

Oxide 

Coarse 

Medium 

f<re 

Very 

Fine 

5C 

A 

1C 

6C 

2A  T 

12 

36 

90 

240 

CA 

m  / 

14 

46 

100 

280 

C2A 

dA  / 

16 

54 

120 

320 

C4A 

BA  / 

20 

r — 60 

150 

40  0 

7C 

/ 

24 

\  70 

180 

500 

/ 

30 

\  80 

220 

600 

A  iyplc.il 
marking 
Sequence 


3 

4 
6 
4 

1  Bine 


Open 

Bond  Types 

r-  V  «  vitrified 

9 

R  *  rubber 

10 

B  •  retinoid 

11 

E  -  shellac 

12 

M*  metal 

13 

S  ■  silicate 

14 

16 

16 

/ 

Manufacturer's 

Symbol' 


Description  of  Various  Grades  of  Silicon  Carbide  and  Aluminum  Oxide  Absaslve/*) 


C  -  Silicon  Carbide 


SC 

•  Green  til  Icon  carbide 

A 

«c 

•  BUck  silicon  carbide 

2A  _ 

CA  * 

|  Mixed  aluminum 

B7A‘ 

C2A 

V  oxide  and 

4A 

C4A_ 

)  silicon  carbide 

BA  ‘ 

7C 

-  Mixed  silicon  carbide 

A  -  Aluminum  Oxide 


-  Tough  aluminum  oxide 


(a)  Cln.  Install  Milling  Machine  Company  nomenclature.  "  ~~  " 

(b)  Some  nanufacturers  also  add  a  number  designating  whether  the  wheel  grade  Is  either  exact,  1/3  sfefter  or  1/3  harder  than  .he  better  grade  Indicated  (K  in  the  example 
shown). 


o 
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from  resonant  vibrations  can  usually  be  corrected 
by  improved  jigs  or  by  backing  up  thin,  slender 
sections  to  prevent  deflection,  (2) 

Grinding  operations  should  be  supervised  and 
controlled  very  carefully.  The  recommended  pro¬ 
cedures  should  be  followed  without  substitution. 

When  the  grinding  procedure  used  is  question¬ 
able,  quick  checks  to  indicate  possible  surface 
cracking  can  be  made  by  dye  and  fluorescent  pene¬ 
trants  or  etching  to  indicate  surface  cracking.  How¬ 
ever,  none  of  these  tests  will  indicate  surface  dam¬ 
age  that  does  not  involve  cracking. 

Care  must  be  exercised  when  a  1-minute  etch 
with  10  percent  HF  is  used  to  reveal  cracks.  Im¬ 
proper  etching  treatments  and  etching  solutions  can 
cause  cracks,  since  surfaces  already  may  be  dam¬ 
aged  by  residual  tensile  stresses. 

Each  operation  should  be  inspected  to  ensure 
that  it  is  performed  with  due  regard  for  the  safety 
of  the  personnel  involved. 


of  titanium,  frequently  causes  burning  of  the 
ground  surfaces. 

Successful  grinding  of  titanium  with  abrasive 
belts  depends  on  minimicing  the  oxygen  and  nitro¬ 
gen  reaction  and  also  the  tendency  for  welding. 

Both  can  be  accomplished  by  lowering  the  temper¬ 
ature  at  the  grinding  point  through  adequate  cooling 
and  by  using  a  grinding  fluid  that  will  inhibit  the 
chemical  reaction  between  the  abrasive  and  titan¬ 
ium.  Successful  grinding  also  requires  controlled 
"fracture  wear"  of  the  abrasive  grit  in  order  to 
supply  constant  sources  of  fresh  cutting  edges  dur¬ 
ing  grinding.  This  can  be  promoted  through  the 
proper  choice  and  combination  of  abrasive  mat'ri- 
als,  grit  size,  contact  wheel,  belt  speed,  and  work 
feed. 

Titanium  sheet  can  be  belt  ground  to  close 
dimensional  tolerances.  Belt  grinders  have  pro¬ 
duced  flat  surfaces  with  only  0.  004-inch  maximum 
deviation  over  areas  up  to  36  x  36  inches.  The 
cost  of  grinding  titanium  is  estimated  to  be  6  to 
10  times  that  for  stainless  steel.  ^ 16-18) 


Wheels  used  to  grind  titanium  and  its  alloys 
must  be  dressed  more  frequently  than  those  used  to 
grind  steels  because  of  the  tendency  of  titanium  to 
load  the  wheel.  This  causes  higher  temperatures 
at  the  wheel-metal  interface,  which  tends  to  pro¬ 
duce  8urfac<  crakes,  and  in  some  cases  to  burn 
the  metal. 

Some  ground  parts  must  be  stress  relieved 
by  heat  treatment  prior  to  final  inspection.  A 
common  stress  relief  is  to  heat  the  part  at  1000  F 
for  1  hour  in  a  neutral  atmosphere  to  avoid  con¬ 
tamination. 

Data  on  speeds  and  feeds  for  both  silicon 
carbide  and  aluminum  oxide  grinding  wheels  are 
shov<n  in  Table  3-2.  1.  7-1. 

3-2.2  ABRASIVE  BELT  GRINDING 

3-2.  2.  0  Introduction 

An  unusual  combination  of  chemical  and 
physical  properties  makes  titanium  more  difficult 
to  grind  with  abrasive  belts  than  most  common 
metals.  The  surface  of  titanium  may  become 
hardened  by  reaction  with  oxygen  and  nitrogen 
in  air  at  the  high  temperatures  reached  in  grinding. 
At  the  same  time,  the  metal  tends  to  weld  to  the 
abrasive  grains  of  the  belt.  The  ultimate  result 
is  poor  belt  life  —  either  through  an  accelerated 
fracture  rate  of  the  abrasive  grains  or  through 
rapid  dulling  as  the  cutting  edges  become  "capped" 
with  titanium.  "Capped"  grains  function  as  flat 
bearing  areas,  which  slide  over  the  titanium  sur¬ 
face,  creating  additional  frictional  heat  without 
accomplishing  any  useful  cutting.  This  character¬ 
istic,  combined  with  the  low  thermal  conductivity 


3-2.  2.1  Equipment  and  Setup 

The  carrier-type  machine  is  usually  used  in 
the  abrasive-belt  grinding  of  sheet.  The  work  is 
held  on  a  table  that  oscillates  back  and  forth  under 
grinding  belt.  A  Billy- roll  directly  order  the  con¬ 
tact  roll  maintains  the  pressure  between  the  work 
and  the  belt. 

Machine  rigidity  is  important  for  achieving 
close  dimensional  tolerances. 

3-2.  2.  2  Selection  of  Abrasive  Belts  and  Contact 
Wheels 

Abrasive  size,  belt  backing,  and  type  of 
bond  are  important  factors  to  consider  when  choos¬ 
ing  an  abrasive  belt. 

Roughing  end  spotting  operations  are  nor¬ 
mally  carried  out  on  belts  coated  with  medium- 
or  fine-grain-abrasives  (40  to  80  grit);  Grit  80 
is  slightly  superior  to  Grits  40  and  60.  Extra- 
fine-grain  abrasives  (Grits  120  to  220)  are  used 
for  finish  belt-grinding  operations. 

Three  types  of  belt  backings  are  used  for 
abrasive-oelt  grinding  of  titanium.  They  include 
paper-backed,  cloth-backed,  and  fully  water  proof 
cloth-backed  belts. 

Paper-backed  belts,  used  dry  or  with  suit¬ 
able  grinding  oil,  can  be  used  for  some  flat  sheet 
work.  Cloth-backed  belts  are  used  when  a  more 
rugged  backing  is  needed.  Fully  waterproof 
cloth-backed  belts  are  necessary  when  water-base 
grinding  fluids  are  used.  Cloth  belts  are  generally 
available  in  two  types:  drills  (X-Weight),  which 
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TABLE  3-2.  1.  7-1. 

PRECISION  GRINDING  OF  TITANIUM  AND  ITS 
ALLOYS^) 

Abrasive  Material(h) 

Silicon  Carbide 

Aluminum  Oxide 

Abrasive  types 

Regular;  green 

Special  friable,  wh.te 

Grit  size 

Medium 

M  dium 

(60-80) 

(60-80) 

Wheel  grade 

Medium 

Medium 

(hardness) 

(J-K-L-M) 

(J-K-L-M) 

Structure 

Medium 

Medium 

(8) 

(8) 

Bond(c) 

Vitrified 

Vitrified 

(V) 

(V) 

Operation^ 

Roughing  Finishing 

Roughing  Finishing 

Feed 

Down  feed,  ipp 

0.  ooi<e)  o.  ooosM 

0.  001<e)  0.0005  0.0005(8) 

Cross  feed,  inch 

0.062  0.05 

0. 050(h)  o.  025(h) 

0.05  0.10  0.05 

Speeds 

Table,  ipm 

300-500  300-500 

30C-500  300-500 

Wheel,  sfpm 

2500-5000  2500-4000 

1500-25CC  1500-2500 

Grinding  fluids 

Highly  chlorinated  oils  or 

Rust- inhibitor  types(*) 

sulfochlorinated  oils  (do 

present  no  fire  hazard. 

not  dilute).  Possible 

Oils  used  for  silicon 

fire  hazard;  hence,  flood 

carbide  wheels  also 

the  work. 

have  been  used  with 
very  little  fire  hazard, 
since  the  low  speeds 
involved  generate  very 
little  sparking  and  oil 
mist. 

(a)  From  Referznces  (X),  (3).  ($,  (6),  (9-15). 


(b)  Equipment  consideuclom  are  primary  in  abrasive  selection.  If  only  conventional  speeds  are  available,  generally, 
al'jminum  oxide  is  not  recommended;  if  low  speeds  are  available,  aluminum  oxide  is  superior.  Silicon  carbide 
wheels  are  used  fcr  >osution-treated  and  aged  alloys. 

(c)  Particular  modification  of  vitrified  bond  does  not  seem  to  matter  with  titanium. 

(d)  Type  wheels  which  have  been  used  include  37C80-L8V  and  32A60-L8VBE. 

(e)  Use  this  down  feed  to  the  last  0. 001  incn,  with  two  passes  of  0. 0005  ipp  thereafter,  and  then  spark  out. 

(f)  For  surface  finishes  better  than  25  microindies  rms,  the  downfeed  should  be  less  than  0. 0002  ipp  on  the  last 
pass,  and  then  spark  out. 

(g)  The  last  0. 003  inch  rfioutd  be  removed  in  steps  net  to  exceed  0. 0005  ipp.  The  final  two  pastes  should  be  at 
zero  depth  (spark  out). 

(h)  Recommended  for  B120VCA,  using  green  silicon  carbide  wheels. 

(i)  10:1  and  20:1  concentrations  of  potassium  nitrite  have  been  ussi.  The  operating  advantages  of  the  latter  appear 
to  offset  the  slight  increase  cf  grinding  efficiency  of  the  former. 


are  the  heavier  and  stiffer  of  the  two,  and  jeans 
(J- weight).  (20,21)  The  flexible  J-wsight  backing 
is  used  for  contour  polishing;  the  X-weight  pro¬ 
vides  the  best  belt  life  and  fastest  cutting. 

All  belts  are  usually  manufactured  to  close 
tolerances  on  thickness  to  permit  grinding  to  pre¬ 
cise  dimensions. 


Synthetic- resin  bonds  provide  maximum 
durability  for  belts  used  on  titanium.  They  are 
available  on  either  a  waterproof  or  nonwaterproof 
backing. 

Proper  choice  of  contact  wheels  is  also 
important  in  belt  grinding.  These  wheels  support 
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the  belt  and,  hence,  govern  the  action  and  effective 
penetration  of  the  abrasive  grains  daring  the  grind¬ 
ing  operation.  This  action  has  been  termed 
"aggressiveness"  -  or  the  ability  of  the  wheel  to 
make  the  belt  cut.  (20,21) 


penetration  by  the  grit  but  resilient  enough  to 
eliminate  shelling  failure  of  toe  belt  at  the  highest 
feasible  load.  (20-22) 

3-2.  2.  3  Abrasive  Bell  Materials 


Two  types  of  contact  wheels  are  in  use: 
plain-faced  and  serrated.  A  plain-faced  wheel 
puts  all  the  abrasive  wear  on  one  plane  and  produces 
a  flat,  ground  surface,  A  serrated  contact  wheel 
has  a  series  of  lands  and  grooves  angled  across 
the  wheel.  This  arrangement  gives  the  unique 
effect  of  "sharpening"  the  mineral  grains  as  they 
undulate  over  the  face  of  the  wheel.  The  relation 
between  the  lands  and  the  grooves  --  and  the  angle 
at  which  they  cross  the  face  of  the  wheel  --  de¬ 
termines  to  a  great  extent  the  cutting  late  of  the 
wheel. 

Plain-faced  wheels  are  normally  used  for 
titanium  when  unit  pressures  are  high  enough  to 
foster  the  necessary  breakdown  of  abrasive  materi¬ 
al  for  best  grinding  action.  They  usually  produce  a 
better  surface  finish  than  do  most  serrated  wheels. 
They  minimise  extreme  shelling*  or  mineral-loss 
problems.  They  also  permit  off-hand  grinding  and 
polishing  of  curved  and  contoured  parts. 

The  contact  wheel  should  be  small  in  diame¬ 
ter  and  as  hard  as  practicable.  This  combination 
provides  almost  a  line  contact  and  hence,  a  high 
unit  pressure  between  the  abrasive  grits  and  the 
work. 

Suitable  contact-wheel  materials  for  titanium 
include  rubber,  plastic,  or  metal.  Rubber  is 
usually  recommended  because  metal  contact  wheels 
show  little  significant  increase  in  stock  removal 
and  grinding  rate  at  the  price  of  considerable  noise, 
vibration,  poorer  surfaces,  and  higher  power 
consumption.  (®  > 

Rubber  contact  wheels  are  available  in  vari¬ 
ous  degrees  of  hardness,  measured  in  terms  of 
Durometer  units.  Thes<  ;s  may  range  from  10 
(sponge  rubber)  to  about  i  .rock  hard).  The 
softest  rubber  (other  than  sponge)  has  a  value  of 
20.  The  harder  the  contact  wheel,  the  faster  an 
abrasive  belt  will  cut  and  the  coarser  the  surface 
finish  becomes.  Softer  wheels  produce  better 
surface  finishes.  However,  even  soft  wheels  be¬ 
come  effectively  harder  as  spindle  speeds  increase 
and  they  present  more  support  to  the  belt.  Softer 
rubber  wheels  can  be  used  for  blending  and  for 
spotting  operations  to  remove  isolated  defects. 

The  best  contact  wheel  is  one  that  is  firm 
enough  to  give  restricted  contact  and  good 


*Shelling  is  the  tendency  for  the  abrasive  grains  on 
the  abrasive  belt  to  loosen  and  flake  off. 


Coatings  of  silicon  carbide  give  the  best 
results  under  normal  feeds.  These  beltc  must 
possess  a  dense  texture  (closed  coat).  Alum¬ 
inum  oxide  abrasive  belts  are  usually  recommend¬ 
ed  when  very  heavy  feeds  are  used. 

3-2.  2.  4  Feed  Pressure  Requirements 

Feeds  in  belt  grinding  are  controlled  in¬ 
directly  by  adjusting  the  pressure.  The  correct 
feed  should  allow  the  necessary  "fracture  wear" 
of  the  grains,  proper  "shelling"  of  the  belt,  and 
effective  grain  penetration  for  an  economical  rate 
of  cut.  Under  these  conditions,  metal  particles 
will  not  clog  the  belt,  and  the  continual  formation 
of  new  cutting  points  on  the  grains  will  permit 
uniform  stock  removal. 

Feeds  should  be  held  constant  to  give  the 
best  dimensional  tolerances.  When  feed  pressures 
are  increased,  it  may  be  advisable  to  use  a  softer 
contact  wheel. 

3-2.  2.  5  Grinding  Speed 

Speed  is  important  to  the  rate  of  cutting, 
belt  life,  and  desired  surface  finish.  Low  belt 
speeds  reduce  temperature  at  the  grinding  point 
and  consequently  retard  oxidation  and  welding  bet¬ 
ween  the  metal  and  abrasive  grains.  The  tendency 
toward  surface  scorching  or  marring  by  incandes¬ 
cent  chips  is  also  reduced. 

The  optimum  speed  to  be  chosen  will  depend 
on  the  contact  wheel,  grit  sire,  and  work  thick¬ 
ness.  A  speed  of  1500  fpm  generally  gives  good 
results.  (5' 

A  definite  correlation  exists  between  optimum 
grinding  pressure  and  belt  speed.  Higher  speeds 
require  less  pressure  and  vice  verca.  Feed  pres¬ 
sures  between  80  and  120  psi  have  been  used,  de¬ 
pending  on  the  speed.  (^3) 

3-2.  2.  6  Grinding  Fluids 

Lubrication  is  a  most  significant  factor  in 
abrasive  belt  grinding.  Dry  grinding,  except  for 
certain  intermittent  operations  (blending,  spotting, 
etc.  ),  is  not  recommended  because  of  the  fire 
haeard.^16'1*) 

A  grinding  fluid  should  be  used  when  taking 
continuous  cuts  over  fairly  large  areas.  It  reduces 
grinding  temperatures  and  quenches  the  Intense 
sparking  that  occurs  when  titanium  is  ground. 
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Because  of  the  extremely  hot  sparks  formed 
by  titanium,  only  those  grinding  oils  possessing 
high  flash  points  (above  325  F)  should  be  used. 
They  should  be  applied  close  to  the  grinding  point 
for  rapid  spark  quenching. 

Chemically  active  organic  lubricants  may 
prove  superior  in  finishing  operations,  provided 
the  fire  hazard  can  be  minimized. 


The  same  inspection  procedures  recommendr 
ed  in  the  precision  grinding  section  also  apply  to 
belt  grinding. 

Table  3-2.  2.  7-1  summarizes  the  pertinent 
data  required  for  the  abrasive  belt  grinding  of 
titanium  and  its  alloys. 


3-2.3  ABRASIVE  SAWING 


With  waterproof  belts,  water-base  fluids 
containing  certain  inorganic  compounds  and  rust 
inhibitors  show  good  results.  They  reduce  the  fire 
hazard  of  titanium  dust.  Aqueous- solution  lubri¬ 
cants  seem  to  give  the  best  performance  in  grind¬ 
ing  setups  where  high  loads  are  used  (Stock  re¬ 
moval  operations).  The  following  water-base 
fluids  have  been  used: 

Sodium  ni4"*its  /5  percent  solution) 

Potas  '.trite  (5  percent  solution) 

Sod/cn  sphate*  (up  to  12  percent  solution) 
Potasss_.il  phosphate*  (up  to  30  percent  solu¬ 
tion' 


3-2.  3.  0  Introduction 

Titanium  is  difficult  to  cut  with  abrasive 
wheels.  In  fact,  it  is  practically  impossible  to 
plunge  straight  through  a  large  piece  of  titanium. 
Wheel  loading  causes  high  residual  stresses  on  the 
cut  eur'aces,  and  stress-relief  treatments  may  be 
necessary  to  prevent  delayed  cracking  of  cut  sur¬ 
faces.  (23,24)  wj,en  proper  techniques  are  used, 
however,  the  cut  surfaces  can  be  bright,  smooth, 
and  square.  Surface  finishes  between  10  and  14 
microinches  rms  can  be  obtained.  (2,5) 

3-2.  3.  1  Abrasive  Cutoff  Machines 


Soluble*  oi'  usions  in  water  are  normally 
poor  grinding  fluids  for  titanium  but  can  be  used 
where  the  alternative  is  to  grind  dry  at  speeds 
greater  than  1500  fpm. 

Grinding  fluids  can  be  applied  by  spray  or 
belt  immersion  techniques. 

3-2.  2.  >  Grinding  Techniques  and  Inspection 

V/ hen  titanium  is  to  be  belt  ground,  a  roughing 
operation  is  usually  made,  using  a  50-grit  belt  to 
remove  gross  surface  imperfections.  An  inter¬ 
mediate  grind  (80  grit)  is  then  used  to  reduce  the 
grind  marks,  followed  by  a  finishing  operation 
using  a  120-grit  belt.  (^^» 


Rigid  setups  and  abrasive  cutoff  machines 
having  wheel  heads  capable  of  oscillating  and 
plunging  motions  are  recommended.  It  is  also 
advisable  that  the  cutoff  machine  be  equipped  with 
hydraulic  feed  mechanisms  that  can  be  set  to  pro¬ 
duce  any  desired  cutting  rate.  (2>5) 

3-2.  3.  2  Abrasive  Cutoff  Wheels 

The  choice  of  the  right  combination  of 
abrasive  grit,  wheel  hardness,  and  type  of  bond 
will  do  much  to  alleviate  difficulties.  These 
characteristics  are  identified  for  cutoff  wheels 
in  much  the  same  way  as  that  shown  in  Table 
3-2.  1.  3-2.  The  medium  grit  sizes  of  46  and  60 
are  usually  used. 


The  correction  of  belt  troubles  requires  an 
understanding  of  glazing  and  loading.  Glazing 
occurs  on  abrasive  belts  when  the  grinding  pressure 
is  insufficient  to  break  down  the  abrasive  particles 
properly.  A  loaded  belt  contains  smeared  metal 
welded  to  the  grains,  a  condition  which  impairs 
cutting  ability.  Proper  lubrication  is  one  way  to 
prevent  loading.  (2,zl) 


*  The  phosphate  solutions  are  quite  caustic  and  are 
excellent  paint  removers.  The  more  concentrated 
solutions,  however,  are  not  much  worse  that  the 
5  percent  solutions  in  these  respects  and  are  con¬ 
siderably  more  effective  as  grinding  lubricants. 
Care  also  must  be  exercised  when  potassium 
nitrate  is  used  as  a  fluid  because  the  dry  salt  may 
become  a  fire  hazard. 


Wheel  grade  "L".  which  is  the  hardest 
grade  in  the  soft  range,  and  the  "M"  which  lies 
in  the  medium  hardness  range,  are  the  most  ap¬ 
plicable.  (2) 


3-2.  3,  3  Abrasive  Materials 

Silicon  carbide  cutoff  wheels  are  generally 
used  on  titanium;  aluminum  oxide  wheels  do  not 
seem  to  be  satisfactory.  (^)  Rubber-bonded,  sili¬ 
con  carbide  Type  37C  and  its  equivalent  seem  to 
give  the  best  results.  (^ 

3-2.  3.  4  Feeds 


Successive  overlapping  of  sh'llow  cuts 
should  be  taken  in  order  to  keep  the  work-wheel 
contact  area  as  small  as  possible  at  all  times. 
Feeds  between  2  and  6  in.  2/min  are  used,  de¬ 
pending  on  setup  conditions  and  wheel  speed.  (2,5,9) 
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TABLE  3-2.  2  7-1.  ABRASIVE-BELT  GRINDING  OF  TITANIUM  AND 
I'i'S  ALLOYS(a) 


Spotting 


Roughing 


Belt  Characteristic? 


Grinding  Fluids 
For  Paper  Belts 

For  Cloth  Belts 


Finishing^) 


Al  rasive  Grit  Size 

40  to  80 

120  to  220 

(1-1/2  to  1/8) 

(3/0  to  6/0) 

Belt  Backing 

E  (paper) 

E  (paper) 

X  (cloth) 

X  (cloth) 

Coating  Texture 

Closed<c) 

Closed^ 

Bend 

Resin 

Resin 

rinding  Variables 

. 

Grit  Size(d) 

40  to 

80  80 

120  to  220 

(1-1/2  to 

1/8) 

(3/0  to  6/0! 

Speed,  fpm 

1000  to 

1500  i500fc>  to  2200 

150G(C)  to  2200 

Feed,  psj{e) 

— 

120  to  80 

120  to  80 

Depth  of  Cut,  inch 

0.  002 

0.  002 

Table  Speed,  fpm 

— 

10 

10 

Grinding  Fluids 

No 

Yes 

Yes 

Heavily  sulfurized  chlorinated  oils  (flash  point:  325  F 
or  higher). 

A  10  percent  nitrite-amine  rust  inhibitor,  water  solu¬ 
tion,  or  a  5  percent  potassium  nitrite  solution^. 
Fifteen  percent  solutions  of  triBodium  or  potassium 
phosphate  also  have  been  used. 


(a)  From  Reference!  (6).  (10).  (18),  (19),  and  (22). 

fb)  In  finiahing  operation!  with  (in'  griti,  a  light  pceiiure  ii  required  to  prevent  ihelling.  A  dull  belt  (but  cutting 
well)  often  produce!  a  finer  finish  than  r  new,  iharp  belt  of  the  tame  grit. 

(c)  Preferred. 

(d)  Fine  grlti  tend  to  fail  by  ihelling  at  prenuie!  that  corner  griu  will  easily  withtund. 

(e)  Feed  pr enure  it  invenely  proportional  to  ipeed. 

(f)  When  potanium  nitrite  it  uied  the  tafety  precaution!  deicribed  pn.  iouily  should  be  followed. 


3-2.  3.  5  Cutting  Speed 

Speeds  from  6800  to  12,000  fpm  have  been 
used  successfully  in  abrasive  cutoff  opera¬ 
tions.  {2*5*9} 

3-2.  3.  6  Cutting  Fluids 

A  rust-inhibitor  type  of  coolant  should  be 
supplier!  at  the  rate  of  about  20  gal/min  to  the 
work-wheel  contact  area  in  order  to  reduce  cutting 
temperature!  enough  to  avoid  heat  cracking  of  the 
cut  aurfaces. 

The  coolant  should  penetrate  to  the  wheel- 
work  contact  area.  It  should  be  applied  equally 
to  both  sides  of  the  wheel  to  avoid  cracked  cuts 
and  wheel  breakage. 


Soluble-oil  coolants  can  be  used*  but  they 
have  a  tendency  toward  foaming.  Soluble-oil 
coolants  are  available  that  minimise  the  ob¬ 
jectionable  rubber-wheel  odor.  * 

3-2.  3.  7  Cutoff  Techniques 

The  size  of  the  workpiece  influences  the 
choice  of  cutting  techniques.  Small  stock  can  be 
cut  without  an  oscillating  head  or  rotation  of  work. 
Bara  from  1  to  3  inches  in  diameter  may  require 
either  an  oscillating  or  a  nonoscillating  wheel. 
Both  should  be  tried  in  order  to  determine  which 
is  better  for  the  given  situation. 


Bars  larger  than  3  Inches  in  diameter  usually 
require  rotation  of  the  work  as  well  as  an  oscilla¬ 
ting  wheel.  The  work  should  be  rotated  slowly, 
or  indexed,  so  that  the  wheel  can  ci't  toward  the 
center  without  cutting  too  far  beyond  center.  >  ' 

The  choice  of  speeds  and  feeds  depends  on  the 
diameter  of  the  work  and  the  mode  of  cutting  (os¬ 
cillating,  nonoscillating,  work  rotation).  Some 
combinations  that  have  given  satisfactory  results 
are  presented  in  Table  3-2.  3.  7-1. 


It  may  be  desirable  to  stress  relieve  the 
workpiece  by  heat  treatment  for  1  hour  at  1000  F 
after  cutting.  Whether  the  treatment  is  necessary 
or  nut  can  be  checked  by  inspecting  the  cut  surfaces 
with  dye  or  fluorescent  penetrants  whe-  cracks  are 
suspected. 


TABLE  3-2.  3.  7-1.  ABRASIVE  SAWING  OF  TITANIUM  AND  TITANIUM  ALLOYS^ 


Workpiece 
Cross  Section, 

in.  2 

Typical 

Wheels 

Used<b) 

Wheel 

Diameter, 

inch 

Cutting 

Rate 

in.  2/min 

Wheel 

Speed, 

fpm 

Cutting  Fluid 

Up  to  3 

37C90-NOR-30 
37C60-  POR-30 

10 

2  to  3 

9,500 

Water-base  or  Cambelline 
solution  (1:50) 

3  to  5 

37C46-MOR-30 

16 

2  to  3 

9,500 

Up  to  5 

37C601-L6R-50 

37C601-I/4R-50 

16 

3  to  4 

12,000 

10  percent  nitrite  amine 
solution  at  20  -al/min 

Up  to  7 

C60-NRW-3 

C60-NRL 

20 

2.  5  to  3 

7,300 

Water-base  or  cambelline 
solution  (1:50) 

7  to  SO 

C60-NRW-3 

C60-NRL 

26 

5  to  6 

6,800 

Water-base  or  cambelline 
solution  (1:50) 

(a)  From  Refs.  2,5,25-28, 

(b)  The  ’'37C"  wheels  are  Norton  designations;  the  "C"  wheels  are 

Allison  designations.  1 
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3-3.°  INTRODUCTION 

The  need  for  fabricating  or  shaping  parts 
from  hardened  high-strength  and  heat-resistant 
metals  and  alloys  has  created  new  and  difficult 
machining  problems  for  industry.  The  conven¬ 
tional  or  traditional  machining  methods,  which 
utilize  the  shearing  action  of  a  sharp  tool  against 
the  workpiece  to  achieve  chip-by-chip  metal  re¬ 
moval,  are  not  very  efficient  against  some  of  the 
new  tough  and  hard  materials.  To  meet  these 
difficult  machining  and  metal-vemoval  problems, 
new  or  improved  metalworking  methods  were 
needed. 

Among  the  new  nonmechanical  metalworking 
processes  or  methods  developed  for  machining 
accurate  and  complex  shapes  from  tough  metals 
and  alloys  are  electrochemical  machining,  chemi¬ 
cal  milling,  electric-discharge  machining, 
electron-beam  machining,  ultrasonic  machining, 
and  laser  machining.  The  following  subsections 
of  the  handbook  deal  with  the  first  three  of  the 
above  methods,  respectively,  with  particular  em¬ 
phasis  being  placed  on  the  machining  and  shaping 
of  titanium  alloys.  Electrochemical  machining 
and  chemical  milling  are  currently  both  being 
widely  used  in  the  aircraft  industry  for  processing 
titanium  alloys,  whereas  electric-discharge 
machining  is  being  utilized  on  a  more  limited  basis. 

3-3.  1  ELECTROCHEMICAL  MACHINING 

3-3.  1.  0  Introduction 

In  electrochemical  machining  (ECM),  metai 
is  removed  from  a  workpiece  without  arcs,  sparks, 
or  high  temperatures  by  passing  a  direct  current 
between  the  workpiece  (anode)  and  the  shaped  tool 
or  tools  (cathode)  through  a  suitable  electrolyte. 
Metal  removal  is  by  electrochemical  dissolution 
or  reaction.  The  rate  of  metal  removal  is  directly 
proportional  to  the  applied  current  and  is  in  ac¬ 
cordance  with  Faraday's  laws.  For  a  general 
discussion  of  ECM,  see  References  (1)  through 
(4). 

ECM  can  be  likened  to  an  electroplating 
process  operating  in  reverse.  In  ECM,  the 
primary  interest  is  in  removal  of  meta!  at  the 
anode  (workpiece)  rather  than  in  the  deposition 
of  metal  on  the  cathode  as  in  electroplating.  The 
high  velocities  of  electrolyte  flow  (?.0  to  250  ft/ sec) 
in  ECM,  together  with  the  close  spacing  (0.  001  to 
0.  040  inch)  of  the  electrodes,  permit  the  passage 
of  high  currents  at  relatively  low  voltages 
(e.  g.  ,  3  to  25  volts),  resulting  in  high  rates  of 
metal  removal.  For  example,  current  densities  of 
40  to  1500  amp/in.  ^  or  more  are  common  for  ECM, 
whereas  current  densities  of  0,  1  to  2. 5  amp/in.  ^ 
are  typical  of  most  plating  operations.  Electrolyte 
pumping  pressures  for  ECM  generally  range  from 
about  20  to  450  psi. 


Figures  3-3.  1.0-1  and  3-3.  1.0-2  illustrate 
the  workings  of  the  ECM  process  and  indicate 
typical  operations  that  can  be  performed.  ECM 
drilling  is  shown  in  Figure  3-3.  1.  0-1, 


FIGURE  3-3.  1  0-1.  ECM- DRILLING  OPERATION 
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FIGURE  3-3.  1.  0-2.  BLADE-ELECTROSHAPING 
OPERATION 

At  the  start,  the  drilling  tool  is  brought  to  the  de¬ 
sired  gap  distance  (e.  g.  ,  0.  002  to  0.  015  inch)  from 
the  titanium- alloy  workpiece.  Voltage  is  then 
applied,  causing  current  to  pass  through  the  electro¬ 
lyte.  As  the  drilling  operation  proceeds,  the  work- 
piece  dissolves  and  the  tool  is  steadily  advanced 
to  maintain  a  constant  machining  gap.  The  drilling 
tool  shown  is  insulated  on  the  outside  to  minimize 
side  cutting  and  to  help  produce  a  hole  with  a 
straight  bore. 

A  schematic  representation  of  blade  electro¬ 
shaping  is  shown  in  Figure  3-3.  1.  0-2.  The  rough 
forging  is  positioned  between  shaped  electrode  tools 
in  a  specially  designed  plastic  fixture.  Electrolyte 
is  pumped  under  pressure  into  the  spaces  between 
the  electrodes  and  the  workpiece.  As  ECM  pro¬ 
ceeds  and  the  workpiece  dissolves,  the  electrodes 
are  moved  in  simultaneously  to  maintain  a  relative¬ 
ly  constant  machining  gap.  This  operation  continues 
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until  the  blade  has  the  desired  configuration,  as 
set  by  the  cathode  tools  and  the  operating  con¬ 
ditions. 

The  general  procedures  described  above  can 
be  used  for  trepanning,  die-cavity  sinking,  broach¬ 
ing,  and  other  contouring  or  shaping  operations. 
Three-dimensional  cavities  can  he  produced  readi¬ 
ly  by  ECM  using  a  single-axis  movement  of  the 
shaped  tool  electrode.  For  cavity- sinking  and 
contouring  work,  the  electrolyte  flow  path  is  often 
of  the  flow-past  type  (i.  e.  ,  electrolyte  flow  is 
roughly  parallel  to  the  electrodes)  shown  in 
Figure  3-3.  1.  0-2,  rather  tlian  the  flow-through 
type  shown  in  Figure  3-3.  1.  0-1.  Since  no 
drilling-tool  rotation  is  needed,  ECM  is  especially 
suited  for  drilling  multiple  holes.  Also,  irregular¬ 
ly  shaped  holes  can  be  produced  readily  by  ECM. 

3-3.  1.  1  Equipment 

Figure  3-3.  1.  1-1  shows  a  typical  general- 
purpose  ECM  installation.  &)  The  unjt  shown  can 
be  used  for  cavity  sinking,  drilling,  trepanning, 
contouring,  broaching,  and  other  ECM  operations. 
The  installation  illustrated  is  in  the  ',000  to 
10, 000-ampere  class. 

ECM  units  with  current  capacities  ranging 
from  100  to  19,000  amperes  are  available  com¬ 
mercially.  Units  with  10,000-ampere  capacities 
are  currently  used  in  industry.  Larger  units,  with 
ratings  of  20,000  amperes  and  more,  are  being 
planned  and  should  be  in  operation  soon. 


3-3.  1.  2  Tooling  and  Fixturing 

The  ECM  cathode  tool(s)  usually  conform 
closely  to  the  reverse  image  of  the  shape  to  be  pro¬ 
duced.  Detailed  information  on  design  of  cathode 
tools  is  proprietary  and  has  not  been  generally  dis¬ 
closed.  The  results  of  some  work  on  a  computer- 
program  approach  to  tool  design  has  been  report- 

ECM  electrodes  are  usually  made  of  copper, 
brass,  stainless  steel,  copper-tungsten  alloys,  or 
other  conductive  and  corrosion- resistant  materials. 
Specially  designed  fixturing  is  usually  needed  to  pro¬ 
vide  good  controlled  electrolyte  flow  to  the  electrod¬ 
es  for  efficient  and  accurate  ECM  operation.  The 
The  tooling  and  special  fixturing  used  in  the  ECM 
sinking  of  waffle-grid  pockets  in  titanium-alloy 
plates  are  shown  and  discussed  later. 

Tooling  costs  for  certain  types  of  ECM  oper¬ 
ations  can  be  rather  expensive.  For  that  reason, 
ECM  is  generally  better  suited  to  production  work 
than  to  single  or  small-lot  jobs,  unless,  of  course, 
the  unique  capabilities  of  ECM  justify  the  cost  of 
using  the  process  for  machining  small  lots  of  hard- 
to-machine  metals  or  shapes.  For  production  work, 
the  fact  that  the  tool  does  not  wear,  erode,  or 
change  during  ECM  is  very  advantageous.  It  means 
that  once  a  suitable  tool  is  d«.  loped,  it  can  be 
used  or  reused  indefinitely  to  produce  replicate 
parts,  without  any  need  to  compensate  for  tool 
wear. 
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3-3.  1.  3  Electrolytes 

Electrolyte  compositions,  operating  con¬ 
ditions,  together  with  the  chemistry  and  micro¬ 
structure  of  the  particular  titanium  alloy  beinp 
processed,  are  important  in  determining  how  ef¬ 
fectively  ECM  will  cut  and  also  the  quality  of  the 
surface  finishes  produced.  Specific  information 
on  electrolytes  for  machining  various  titanium  al¬ 
loys  is  mostly  proprietary  and  has  not  been  gener¬ 
ally  disclosed.  Electrolyte  formulations  based  on 
the  use  of  sodium  chloride  plus  other  salts  or 
materials  have  been  used  to  machine  titanium 
alloys.  Some  specific  data  on  electrolyte  com¬ 
positions  are  presented  later.  Proprietary  formu¬ 
lations  for  ECM  of  specific  titanium  alloys  as 
well  as  other  metals  and  alloys  are  c..  the  market. 

3-3.  1.4  Metal-Removal  Rates  and  Tolerances 

Figure  3-3.  1.  4-1  shows  penetration  or 
metal- removal  rates  for  ECM  of  titanium  and 
other  metals  at  various  current  densities.  The 
rates  are  theoretical  for  metal  dissolution  at 
100  percent  anodic- current  efficiency  in  the  val¬ 
ence  states  indicated.  ECM  dissolution  efficiences 
are  generally  high,  and  usually  range  from  about 
90  to  100  percent. 

Typical  feed  rates  for  cavity-sinking, 
blade- shaping,  and  contouring  operations  range 
from  about  0.  005  to  0.  150  inch  or  more  per  min¬ 
ute.  Penetration  rates  for  drilling  operations  are 
usually  higher  and  range  from  about  0.  030  to  0.  500 
Q40 
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FIGURE  3-3.  1.  4-1.  PENETRATION  RATES  FOR 
TITANIIT  .  AND  OTHER  METALS 


in.  or  more  per  min.  Broaching  or  planing  oper¬ 
ations  can  be  performed  at  rates  of  1  to  5  in.  or 
more  per  min,  with  removal  of  about  0.  010  to 
0.  050  in.  of  metal  (depth  of  cut)  from  the  surface. 

Tolerances  in  ECM  depend  upon  the  type  of 
operation  being  carried  out.  Hole  diameters  can 
be  machined  to  -.fcO.  001  in.  Tolerances  for  other 
shapes  can  range  from  about  ±0.  002  in.  to  about 
±0.  030  in.  ,  depending  on  configuration  and  the 
particular  type  of  ECM  operation  involved. 
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aerating  Conditions 


As  indicated  earlier,  much  of  the  specific 
data  and  information  on  electrolyte  compositions 
and  operating  conditions  for  ECM  of  titanium  alloys 
is  proprietary  and  has  not  been  publicly  disclosed. 
However,  some  of  the  data  and  information  that  are 
available  on  electrolytes  and  operating  conditions 
are  presented  and  discussed  below.  Typical 
operating  data  on  ECM  sinking  of  square  pockets  in 
annealed  Ti-6A1-4V  alloy  plates  to  produce  waffle- 
grid  panels  are  given  in  Table  3-3.  1.  5-1.  Figure 
3-3.  1.  5-1  shows  a  typical  panel  with  18  pockets 
sunk  by  ECM. 


FIGURE  3-3.  1.  5-1.  Ti-6A1-4V  ALLOY  WAFFLE- 

GRID  PANEL  PRODUCED  BY  ECM<6> 

The  cathode  tool  ai.d  other  ECM  fixturing 
used  to  sink  the  pockets  are  shown  in  Figure 
3-3.  1.  5-2. 

A  reverse  electrolyte  flow  system  was  used 
in  this  operation.  The  electrolyte  was  pumped  into 
the  plastic  dam  from  where  it  flowed  between  the 
workpiece  and  the  cathode  tool  and  then  out  through 
the  X-like  opening  in  the  cathode  tool  (see  Figure 
3-3.  1.  5-2).  The  cathode  tool  was  copper,  with  a 
copper-tungsten  alloy  tip. 

The  pockets  in  the  panels  were  sunk  one  at 
a  time  using  a  10,000-ampere  horizontal  machine. 


TABLE  3-3.  1.  5-1.  REPRESENTATIVE  OPERATING  CON¬ 
DITIONS  AND  SURFACE  ROUGHNESSES  FOR  SINK¬ 
ING  WAFFLE-GRID  POCKETS  IN  TITANIUM  ALLOY 
PANELS*6) 

Note:  Pockets  were  sunk  in  annealed  Ti-6Al-4V 
alloy  panel.  The  finished  pocket  dimen¬ 
sions  were  2.  3  x  2.  3  inch  square  and 
0.  925  inch  deep. 

Electrolyte  Sodium  chloride  (NaCl) 

in  water 

Electrolyte  Concentration,  lb/gal  1.  0 

Electrolyte  Temperature,  F  115-125 

Electrolyte  Pressure,  psig  180  -  200 

Applied  Voltage,  volts  13 

Current,  amp  2400 

Current  Density,  amp/in.  2  480 

Feed  Rate,  m.  /min  0.  050 

Machining  Gap,  in.  0.  008 

Electrode  Overcut  at  Sides,  m.  0.  030 

Pocket  Depth,  in.  0.  925 

Machining  Time/Pocket,  min  18.  5 

Surface  Roughness,  microinches 
Bottom  of  Pockets  22  to  28 

Sides  of  Pockets  120  to  140 


FIGURE  3-3.  1.  5-2.  CaTHODE  TOOL  AND  OTHER 
ECM  FIXTURES!6) 

Left:  Cathode-tool  holder 

Center:  Cathode  tool 

Right:  Electrolyte  dam 

The  panels  were  mounted  vertically  in  the  machine 
with  the  cathode  travelling  in  the  horizontal  di¬ 
rection.  Machining  time  was  18.  5  minutes /pocket. 
The  time  for  indexing  the  panel,  checking  the 
cathode  tool,  and  rapid  traversing  of  the  cathode 
tool  was  about  1.  5  minutes.  This  results  in  a  total 
time  of  20  minutes /pocket.  As  can  be  seen  from 
Table  3-3.  1.  5-1,  only  2400  amperes,  or  less  than 
1/4  of  the  10,000  amperes  available  from  the  unit 
were  utilized  in  sinking  the  pocket  in  the  experi¬ 
mental  work.  Thus,  in  a  production  operation  it 
should  be  possible  by  using  the  full  capacity  of  the 
unit  to  machine  four  pockets  simultaneously  or 
two  pockets  at  twice  the  feed  rate  given  in  Table 
3-3.  1.  5-1,  This  would  result  in  an  overall  ma¬ 
chining  time  of  about  5  minutes/pocket. 


Surface  roughness  of  the  ECM'd  pockets  was 
22  to  28  microinches  on  the  bottom  and  120  to  140 
microinches  on  the  side.  The  values  compare  to 
NC- milled  (numerically  controlled  mechanically 
milled)  surfaces  of  25  to  60  microinches  on  pocket 
bottoms  and  50  to  80  microinches  on  the  sides.  The 
rough  surfaces  of  ♦he  pocket  sides  were  attributed 
to  low  current  density  etching  to  the  rear  of  the 
cathode  tip  as  the  cathode  advanced  into  the  plate. 

At  the  pocket  bottom,  v.-here  the  current  den¬ 
sity  was  high  (about  480  am/in  ^),  smooth  surfaces 
were  produced.  The  small  diagonal  ribs,  shown 
in  the  bottoms  of  the  pockets  in  Figure  3-3.  1.  5-1, 
were  formed  by  the  1 /32-inch- wide  electrolyte 
slots  in  the  face  of  the  cathode  tool. 

It  was  concluded  from  this  work^  that  ECM 
appeared  to  be  a  practical  production  method  for 
producing  waffle-grid  panels  with  riser  intersection 
radii  as  small  as  0.  060  inch  at  about  the  same  cost 
as  NC  milling  with  0.  250-inch  corner  radii.  With 
the  waffle- grid  panel  configuration  used  in  this 
study,  ECM'd  panels  showed  a  weight  saving  of 
0.  20  lb/ ft^  over  NC-milled  panels.  The  tolerances 
that  were  expected  to  be  held  for  the  ECM'd  panels 
were  riser  thickness  variation  of  0.  004  inch  and 
skin-thickness  variations  of  0.  004  inch. 

ECM'd  waffle  grid  panels,  as  well  as  NC- 
milled  panels,  did  not  show  evidence  of  fatigue 
cracking  when  subjected  to  simulated  high-speed 
flight  conditions,  xlowever,  specimens  cut  from  the 
ECM'd  riser  material  showed  about  25  to  30  per¬ 
cent  lower  fatigue  strength  than  did  corresponding 
NC-milled  specimens  >vh.n  subjected  to  constant- 
amplitude  testing.  Since  specimens  cut  from  the 
ECM  pocket  bottom  or  skin  material  exhibited  about 
the  same  fatigue  strength  as  corresponding  NC- 
milled  specimens,  it  appears  that  the  relatively 
rough  surface  finish  of  the  ECM  risers  is  probably 
the  cause  of  the  lower  fatigue  strength 

Representative  operating  data  from  other  work 
on  trepanning  of  exemplary  parts  in  Ti-8Al-lMo-lV 
alloy  with  a  NaCl  electrolyte  are  given  in  .Table 
3-3.  1.  5-2.  Blade-like  projections  (about  4  inches 
long,  1.  2  inches  wide,  and  about  0.  2  inch  thick  at 
the  center)  were  trepanned  from  rectangular  bars. 
Surface- roughness  data  on  the  ECM'd  parts  are  also 
given  in  Table  3-3.  1,  5-2.  The  relatively  high 
surface-roughness  values  on  certain  areas  of  the 
Ti-8A1- IMo-l V  parts  were  attributed  to  machining 
at  low  current  densities.  It  should  be  kept  in  mind 
that  the  surface-roughness  data  given  in  Table 
3-3.  1.  5-2  are  for  exemplary  parts  machined  with 
a  particular  set  of  operating  conditions  and  do  not 
necessarily  indicate  the  best  surfaces  that  might  be 
obtained  with  different  operating  conditions  and  dif¬ 
ferent  types  of  ECM  operations. 

* 

In  later  experimental  work!®*^),  gcod  smooth 
surfaces  (20  microinches  A/^.or  iess)  were  pro¬ 
duced  on  TI-8A1-1M6-1V  aljoy  pieces  over  a  wide 
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range  of  ECM  operating  conditions  {e.  g.  ,  gap  dis¬ 
tances  of  0,  005  to  0,  020  inch,  electrolyte  veloci¬ 
ties  of  30  to  70  ft/sec,  feed  rates  of  0.  020  to 
0.  060  in.  /min)  using  NaCl-type  (composition  not 
disclosed)  electrolytes. 

Other  workers  have  explored^®^  a  variety 
of  electrolyte  systems  for  cutting  (slicing  oper¬ 
ation  with  a  single  or  multiple  cut-off  wheel)  of 
unalloyed  titanium  (MST  III)*  workpieces  using  a 
rapidly  rotating  cathode  wheel.  From  among 
acidic,  neutral,  and  basic  electrolytes,  the  best 
results  were  obtained  with  an  acid-fluoride  solu¬ 
tion  of  the  following  composition: 

Hydrofluoric  acid  (sp  gr  1.  20)  68  ml/liter 

Nitric  acid  (sp  gr  1.  42)  107  ml/liter 

Hydrochloric  acid  (sp  gr  1.  19)  125  ml/liter 


TABLE  3-3.  1.  5-2.  REPRESENTATIVE  OPERATING  CONDITIONS 
AND  SURFACE  ROUGHNESSES  FOR  TREPANNED  PARTS 
OF  TI-8A1-1MO-1V  ALLOY17* 


Note:  Rectangular  bara  of  Ti-BAl-lMo-l  V  alloy  (Rock¬ 
well  C  hnrdneaa:  32  to  36)  were  used  at  work- 
piecea. 


Electrolyt- 

Electrolyte  Concentration,  lb/gal 
Electrolyte  Tank  Temperature,  F 
Applied  Voltage,  volt 
Current,  Start,  amp 
Current,  Max  ,  amp 
Current,  End  ,  amp 

Electrolyte  Inlet  Preaeure,  Start'*',  paig 
Electrolyte  Inlet  Preaaure,  Endt*).  paig 
Electrolyte  Exit  Preaaure,  Start'**, paig 
Electrolyte  Exit  Preaaure,  End***,  paig 
Feed  Rate ,  in.  /min 
Depth  Cathode  Ram  Travel,  in. 

Surface  Roughneaa  Data,  microinchee  AA 
Top  of  blade-like  projection 
Root  aection 


Sodium  chloride  (NaCl 
in  water 

0.  8 
103 
20.0 
100 
500 
560 
205 
265 
50 
0 

0.  20 
5.0 

120-200 

120-220 


(a)  The  electrolyte  preaaurea  levelled  off  after  the  initial  3.  1  inch 
of  travel  at  the  end  valuer  given  in  the  table. 


Typical  operating  conditions  were: 


Cathode  Wheel  Speed 
Voltage 
Tsmperature 
Feed  Rate 
Length  of  Cut 


120  surface  ft/sec 
10  to  12  volts 
70  F  ±10  F 
0.  32  in.  /min 
0  to  1.5  in. 


With  many  of  the  electrolytes  evaluated,  passivity 
of  the  titanium  workpieces  occurred,  and  satis¬ 
factory  cutting  at  rates  above  0.  005  in.  /min  could 
not  be  achieved. 


*  Centerless- ground  bar  stock  (1.  48  in.  diam); 
55,000-psi  maximum-yield-strength  range; 
annealed  165  Vickers  hardness  (approximately 
158  Brinell). 


In  other  work^'^,  as-forged  compressor 
blades  of  Ti-6Al-4V  alloy  were  electrochemically 
machined  with  a  metal-removal  rate  of  about  0.  040 
in.  /min/side  using  a  NaCl-type  electrolyte.  The 
electroshaping  operation  used  was  similar  to  that 
illustrated  in  Figure  3-3.  1.  0-2.  The  ECM  sur¬ 
faces  were  very  smooth,  with  surface-roughness 
values  of  8  to  12  microinches. 

3-3.  2  ELECTROCHEMICAL  GRINDING  \ 

The  term  electrochemical  grinding  (ECG)  as\ 
used  herein  refers  to  metal  removal  by  a  combin-  \ 
ation  of  electrochemical  action  and  mechanical  \ 
action.  ECG  might  be  considered  as  a  specialized  \ 
form  of  electrochemical  machining.  Figure  3-3.  2-1 
shows  a  schematic  representation  of  the  electro¬ 
chemical  grinding  process. 

In  the  operation  shown,  the  conductive  wheel 
(cathode),  which  may  be  impregnated  with  abrasive 
particles,  is  rotated  against  the  titanium-alloy 
workpiece  (anode).  Metal-bonded  diamond,  metal - 
bonded  aluminum  oxide,  and  carbon  wheels  are  used 
for  much  of  the  ECG  work.  The  rotation  wheel  re¬ 
moves  the  film  o-  solid-type  electrolysis  products 
from  the  workpiece  to  continuously  expose  fresh 
surface,  thus  permitting  electrochemical  action 
to  continue.  The  shearing  force  of  the  electrolyte 
film  on  the  rapidly  rotating  cathode  wheel  or  the 
wheel  surface  removes  and  carries  away  the  electro¬ 
chemical  reaction  products  on  th.  workpiece  surface. 

Generally,  about  85  to  98  percen  >r  more  of 
the  metal  removal  in  ECG  is  by  electrochemical 
action,  with  mechanical  abrasion  accounting  for 
the  remainder  Consequently,  the  wheel  pressures 
in  ECG  are  much  less  than  those  for  conventional 
mechanical  grinding,  and  wheel  wear  is  also  less. 
Because  of  the  lesser  wear,  ECG  wheels  will 
usually  last  5  to  10  times,  or  more,  longer  than 
conventional  grinding  wheels. 

Electrolytes  for  electrochemical  grinding 
usually  differ  from  those  used  for  electrochemical 
machining  (ECM).  ECG  electrolytes  are  usually 
aqueous  solutions  of  salt3  such  as  sodium  nitrite, 
sodium  nitrate,  sodium  carbonate,  and  potassium 
nitrate,  or  mixtures  thereof,  plus  special  addition 
agents.  Electrolyte  formulations  aim  at  providing 
good  surface  finishes,  good  conductility ,  good 
grinding  performance,  and  also  at  being  nontoxic 
and  noncorrosive  .to  personnel,  machines,  and 
surroundings.  Special  proprietary  formulations  arc 
marketed  for  electrolytic  grinding  of  titanium  al¬ 
loys  and  also  for  most  other  metals  and  alloys. 

Data  and  results  from  a  study  on  electro¬ 
chemical  grinding  (abrasion  assisted)  f*f  Ti-6Al~4V 
material  are  given  in  Table  3-3.  2-1.  ^  Metal- 

lographic  examination  showed  that  the  ECG'd  sur¬ 
faces  were  satisfactory.  The  surfaces  were  uniform 
and  good  in  appearance,  and  were  free  of  pits  and 
intergranular  attack. 
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Bactrolyts 

entry 


Conductive  wheel  (cathode) 
with  or  without  obraelve  particles 


Pump 


Bectroiyte 

ckxtficotioni 


FIGURE  3-3.  2-1.  SCHEMATIC  DIAGRAM  OF  THE  ELECTROCHEMICAL¬ 
GRINDING  PROCESS 


TABLE  3-3.  2-  t.  DATA  AND  RESULTS  OF  ELEC¬ 
TROCHEMICAL  GRINDING  OF  Ti-6A1-4V 
ALLOY*12) 

Note:  The  Ti-6Al-4V  material  was  ground  in  the 
mill- annealed  condition.  Grooves  were 
made  in  test  plates  with  an  electrolytic 
grinder  equipped  with  an  A3HC-60-1/2 
metal-bonded  aluminum  oxide  wheel.  Full- 
strength  solutions  of  Anocut  No.  90  (Anocut 
Engineering  Company,  Chicago,  Illinois) 
electrolytic  salts  were  used. 


Item 

Value  or 
Comment 

Applied  Voltage,  volts 

9.0 

Current,  amp 

150 

Depth  of  Cut,  inch 

0.  010 

Feed  Rate,  in.  /min 

2.  0 

Return  Pass**) 

Yes 

Surface  Produced 

Satisfactory 

(a)  A  return  pass  indicates  feed  in  one  direction 
and  rapid  traverse  (14  in.  /min)  return  to  the 
starting  point  with  current  on  and  electrolyte 
flowing. 

Electrochemical  grinding  appears  to  be 
ideally  suited  for  processing  titanium-alloy  parts 
where  there  might  be  some  danger  of  surface 
cracks  or  heat  checks  being  produced  by  conven¬ 
tional  mechanical  grinding.  The  production  of 
burr-free  surfaces ,  together  with  the  ability  to 
machine  thin  or  delicate  workpieces,  such  as 
honeycombs,  without  distortion  or  heat  damage, 
are  additional  favorable  features  of  electro¬ 
chemical  grinding. 


3-3.3  EFFECTS  OF  ELECTROCHEMICAL  PRO¬ 
CESSING  ON  MECHANICAL  PROPERTIES 

Data  on  the  mechanical  properties  of  electro- 
chemically  processed  titanium  alloys  are  scarce  in 
the  published  literature  The  results  of  fatigue 
tests  on  the  electrochemically  machined  waffle-grid 
panels  were  presented  and  discussed  in  paragraph 
3-3.  1.  5  above.  According  to  the  results  of  a  DMIC 
study*2,  )*),  electrochemical  machining  generally 
has  a  neutral  eficot  (i.  e.  ,  produces  no  significant 
gain  or  loss)  on  mechanical  properties  such  as 
yield  strength,  ultimate  tensile  strength,  sustained- 
load  strength,  ductility,  hardness,  etc.  ,  for  most 
metals  and  alloys,  including  titanium  alloys. 

Because  metal  removal  in  ECM  is  by  anodic 
dissolution,  the  titanium-alloy  workpieces  are  not 
subjected  to  hydrogen  discharge,  which  occurs  at 
the  cathode  tool.  Thus,  there  is  no  danger,  in  a 
properly  conducted  ECM  operation,  of  loss  of  duc¬ 
tility  or  delayed  fracture  of  the  titanium  alloy  from 
hydrogen  embrittlement. 

Information  from  the  same  study  further  indi¬ 
cated  that  metals  (including  titanium  alloys)  for 
which  mechanical  surface  treatments  or  cold  work¬ 
ing  increase  fatigue  strength,  will  appear  to  be 
weakened  about  10  to  20  percent  by  ECM.  The 
mechanical-finishing  methods  often  impart  com- 
preTsive  strest.es  to  the  metal  surfaces  and  raise 
the  fatigue  strength.  In  contrast,  ECM  by  remov¬ 
ing  stressed  layers  or  by  forming  none,  leaves  a 
stress-free  surface  that  permits  measuring  th : 
true  fatigue  strength  of  the  metal  The  conclusion 
is  that  ECM  is  a  safe  method  to  use  for  metal  pro¬ 
cessing.  Where  maximum  fatigue  strength  is  im¬ 
portant,  use  of  a  post-ECM  treatment,  such  as 
vapor  honing,  bead  blasting,  or  shot  peening,  ?.s 
indicated.  These  subsequent  mechanical  treatments 
can  restore  or  impart  compressive  stresses  to  the 
surface,  so  that  ECM  parts,  thus  treated,  will  ex¬ 
hibit  comparable  or  better  fatigue  properties  than 
mechanically  finished  parts. 


/ 


3-3.4  CHEMICAL  MILLING 
3-3.  4.  0  Introduction 

Chemical  milling  generally  refers  to  shaping, 
fabricating,  machining,  or  blanking  of  metal  parts 
to  specific  design  configurations  by  controlled 
chemical  dissolution  with  suitable  etchants  or 
reagents.  The  process  is  somewhat  similar  to  the 
etching  procedures  used  for  decades  by  photoengra¬ 
vers,  except  that  the  rates  and  depths  of  metal 
removal  are  generally  much  greater  for  chemical 
milling. 

Much  of  the  e'arly  chemical  milling  was  car¬ 
ried  out  on  aluminum  and  magnesium  parts  for  the 
aircraft  industry.  Chemical  milling  saved  on 
labor,  time,  and  materials.  It  also  provided  en¬ 
gineers  and  designers  with  an  increased  capabili¬ 
ty  and  flexibility  in  the  fabrication  of  parts  and 
structures  for  advanced  aircraft,  missiles,  and 
space  vehicles.  During  the  past  4  or  5  years,  use 
of  chemical  milling  has  increased  considerably 
for  the  production  of  parts  of  titanium  alloys  and 
other  high-strength,  thermal- resistant  meials  and 
alloys. 

Chemical  milling  is  particularly  useful  for 
removing  metal  from  the  surface  of  formed  or 
complex- shaped  parts,  from  thin  sections,  and 
from  large  areas  to  shallow  depths.  For  example, 
chemical  milling  has  been  used  extensively  for  the 
production  of  pocketed  areas  and  integral  land 
areas  on  formed  and  flat  aircraft  parts.  The 
weight  savings  achieved  are  especially  important 
in  aircraft  and  space-vehicle  design.  Metal  can 
be  removed  from  an  entire  part,  or  else  selective 
metal  removal  can  be  accomplished  by  etching 
the  desired  areas  while  the  other  areas  are  masked 
against  chemical  attack.  Chemical  milling  can  also 
be  used  for  step  etching,  tapering,  and  sizing 
sheets  and  plates. 

The  amount  of  metal  removed  or  depth  of 
etch  is  determined  by  the  time  of  immersion  in  the 
milling  solution.  Simultaneous  etching  of  a  part 
from  both  sides  can  be  carriet  out.  In  addition  to 
halving  the  milling  time,  this  procedure  also  mini¬ 
mizes  the  danger  of  warpage  due  to  the  release  of 
stresses  (if  preser*)  in  parts.  Generally,  no 
elaborate  or  complex  holding  fixtures  are  required 
for  tlie  milling  operation.  Many  parts  can  be  pro¬ 
cessed  at  the  tame  time.  The  production  rates, 
and  the  site'  of  parts  processed,  depend  mainly  on 
the  available  tank  dimensions  and  solution  volumes. 

Some  of  the  technical  information  on 
cherhical-milling  procedures,  techniques,  and 
etchant-solution  compositions  are  of  a  proprietary 
nature  and  have  not  been  generally  disclosed.  *>  ** 


3-3:67-7 


3-3.  4.1  Processing  Procedures 


The  overall  chemical-milling  process  con¬ 
sists  of  four  main  operations  or  steps:  (1)  cleaning 
or  surlav':  preparation,  (2)  masking,  (3)  chemical 
etching  cr  dissolution,  («)  rinsing  and  stripping  or 
removal  of  the  mask.  Masking  and  etching  are  pro¬ 
bably  the  most  critical  steps  for  good  chemical- 
milling  results. 

3-3.4.  1.  1  Cleaning 

Cleaning  of  titanium-alloy  surfaces  is  usually 
done  by  conventional  methods  such  as  wiping  or 
vapor  degreasing  with  chlorine-free  solvents  and 
alkaline  cleaning  to  remove  all  dirt  and  grease. 
Where  scale,  oxidation  products,  or  other  f6)?6ign 
materials  are  firmly  attached  to  the  surfaces, 
molten-salt  treatments,  acid  pickling,  or  abrasive 
blasting  might  be  employed  to  produce  a  clean  sur¬ 
face.  Thorough  rinsing  followed  by  d -/ing  com¬ 
pletes  the  cleaning  step.  Failure  to  properly  clean 
the  titanium-alloy  surfaces  can  cause  masking 
difficulties  and  uneven  attack  of  the  metal  by  the 
etchant  solution. 

3-3.  4.  1.2  Masking 

Masking  for  titanium  alloys  involves  the  ■ 
application  of  an  acid-resistant  coating  to  protect 
those  part  areas  where  no  metal  removal  i6  de¬ 
sired.  The  mask  is  usually  applied  by  either  dip, 
spray,  or  flow-coating  techniques  The  particular 
method  employed  depends  on  part  size  and  con¬ 
figuration. 

Vinyl  polymers^'*)  are  frequently  used  as 
maskants  because  of  their  ability  to  hold  up  well 
against  the  oxidizing  acids  used  in  the  titanium- 
etchant  solutions.  Neoprene  elastomers^)  have 
also  been  used  successfully  for  masking  titanium- 
alloy  parts.  Multiple  coats  (e.  g.  ,  3  to  7  or  more) 
are  used  to  provide  sufficient  mask  thickness  and 
good  coverage.  The  intermediate  coats  are  usually 
air  dried.  After  the  finai  coat,  the  mask  is  usually 
cured  by  baking  at  about  200  to  300  F  for  1  to  3 
hours  to  improve  mask  adhesion,  ^ensile  strength, 
and  chemical  resistance. 


*  "CHEM-MILL"  is  the  registered  trademark  of 
North  American  Aviation,  Incorporated,  which 
has  granted  Turco  Products,  Incorporated, 
Wilmington,  California,  the  exclusive  right  to 
sublicense  other  firms  to  use  the  CHEM-MILL 
process 

**  "Chem-Size"  refere  to  a  proprietary  chemical 
dissolution  process  developed  by  Anadite,  Incor- 
P°'ra*ecL  South  Gate,  California,  for  improving 
the  tolerances  of  as-rclled  sheet  and  plate,  and 
of  parts  after  forming. 
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Other  desirable  characteristics  of  a  good 
maskant,  besides  good  adhesion  and  good  chemical 
and  heat  resistance,  are:  (1)  suitability  for  accur¬ 
ate  pattern  transfer  on  contours  and  complex  con¬ 
figurations  —  it  must  maintain  straight  lines  in  the 
etched  design,  regardless  of  its  complexity,  (2) 
good  scribing  qualities,  (3)  easy  removal  after 
scribing  to  present  clean  surfaces  for  etching,  and 
also  good  stripping  after  etching  to  yield  clean  sur¬ 
faces  for  possible  subsequent  processing,  (4)  good 
stability  in  the  liquid  form,  and  (5)  economical 
cost. 

Patterns  on  the  masked  workpieces  are 
generally  applied  by  means  of  templates,  followed 
by  scribing  or  cutting  of  the  mask  with  a  special 
knife,  and  then  manual  peeling  of  the  mask  to  ex¬ 
pose  the  areas  to  be  etched.  Mask  patterns  can 
also  be  applied  to  parts  by  silk-screen  and  photo¬ 
graphic  techniq'-r  s.  These  latter  techniques  are 
generally  used  on  jobs  involving  fine  details  and 
shallow  cuts.  Photographic  procedures  are  used 
to  impart  and  develop  the  desired  pattern  on  parts 
covered  with  a  photosensitive  resist.  Photoresist 
masks  are  frequently  employed  in  the  blanking  or 
piercing  of  relatively  thin  parts  (e.  g,  ,  thick¬ 
nesses  usually  less  than  about  1/16  -inch),  the 
production  of  printed  circuits,  dials,  name¬ 
plates,  etc.  ,  by  chemical  etching(16). 

3-3.4.  1.5  Etching 

A  good  etching  solution  should  be  capable  of 
removing  metal  at  a  uniform  and  predetermined 
rate  without  adversely  affecting  dimensional  tol¬ 
erances  and  the  mechanical  properties  of  the  part. 
Good  chemical  stability  and  the  ability  to  operate 
effectively  over  a  wide  temperature  and  concen¬ 
tration  range  are  other  desirable  characteristics 
of  an  etching  solution.  The  occurrence  of  pitting, 
intergranular  attack,  uneven  etching  of  the  part 
surface,  or  the  production  of  rough  surfaces  are  all 
indicative  of  an  unsatisfactory  etchant  system  or 
overall  chemical -milling  operation. 

The  etchants  generally  used  fer  chemical 
milling  of  titanium  alloys  are  aqueous  solutions 
containing: 

(1)  HF-HNO3  mixtures 

(2)  HF-OO3  mixtures 

(3)  HF 

The  exact  solution  compositions  are  proprietary. 

In  addition  to  the  main  components  given  above, 
the  solutions  may  contain  special  additives  to  en¬ 
hance  their  etching  characteristics  and  inhibit 
hydrogen  pickup.  The  presence  of  dissolved 
titanium-alloy  metal  in  the  solutions  helps  overall 
etching  performance.  For  that  reason,  partially 
aged  baths  or  baths  made  up  by  mixing  some  spent 
or  aged  bath  with  new  reagents  are  generally  used. 


Parts  to  be  milled  are  generally  immersed 
in  the  etchant  tank  <.  The  solutions  are  usually  cir¬ 
culated  over  the  workpiece  surface  to  promote  uni¬ 
form  metal  dissolution.  Parts  are  also  periodically 
moved,  turned,  or  rotated  to  help  achieve  uniform 
metal  removal  over  the  entire  part  surface.  For 
some  applications,  such  as  the  blanking  or  piercing 
of  thin  parts,  the  etchants  are  sprayed  against  the 
part.  Careful  solution- composition  and  temperature 
control  must  be  provided  to  obtain  uniform  and  pre¬ 
dictable  rates  of  metal  removal. 

Typical  production  tolerances  for  chemical 
milling  are  about  ±0.  002  to  ±0.  005  inch.  To  this 
must  be  added  the  actual  raw  stock  tolerance  prior 
to  chemical  milling. 

The  following  figures  can  be  used  as  a  guide 
to  depth-of-cut  limitations  for  chemical  milling*1^: 

Sheet  and  plate  0.  500  inch  maximum  depth/surface 
Extrusion  0.  150  inch  maximum  depth/surface 

Forging  0.  250  inch  maximum  depth/surface. 

Because  chemical  etching  also  proceeds  sideways  at 
about  the  same  rate  as  down,  the  minimum  widths 
tnat  can  be  machined  are  about  three  time  s  the 
etch  depths. 

Etch  rateB  for  titanium  alloys  range  from 
about  0.  5  to  5.  0  mils/min.  Typical  industrial 
production  rates  are  abcut  1.  0  to  1.  5  mil  -/min. 

A  generalized  comparison  of  operating  and  perfor¬ 
mance  characteristics  of  etchant  systems  for  mill¬ 
ing  titanium,  steel,  and  aluminum  alloys  it  pre¬ 
sented  in  Table  3-3.4.  1.  3-1.  Typical  surface- 
roughness  values  currently  being  produced  range 
from  about  15  to  50  rms  microinches(1^,20)_  These 
smoother  surfaces  reflect  the  results  of  improve¬ 
ments  of  some  of  the  earlier  work  included  in  Table 
3-3.  4.  1.  3-1. 

Figure  3-3.4.  1  3-1  shows  a  chemically  milled 
Ti-6A-4V  alloy  panel  in  which  lour  steps  of  different 
depth  were  produced  ujing  a  hydrofluoric  acid- 
chromic  acid-water  etchant.  (21)  The  starting 
material  was  0.  125-inch  thick.  A  multi-scribing 


FIGURE  3-3.  4.  1.  3- 1.  STEP- MILLED  Ti-6Al-4V 
ALLOY  sheet*21) 
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TABLE  3-3.  4.  1.  3-1.  COMPARISON  OF  DATA  AND  CHARACTERISTICS  OF  SYSTEMS  FOR  CHEMP 
CAL  MILLING  OF  TITANIUM,  STEEL,  AND  ALUMINUM  ALLOYS^ 


Item 

Titanium  Alloys 

Steels 

Aluminum  Alloys 

Principal  Reagents 

HF  -  HNOj  or 

HF  -  CTO3  or 

HF 

HC1  -  HNO3 

NaOH  or 

HCi 

Etch  Rate,  mil/mir. 

0.  6  -  1.  5 

0.  5  -  1.3 

0.  8  -  1.  2 

Optimum  Etch  Depth  inch 

0.  125 

0.  125 

0.  125 

Etching  Solution  Temperature,  F 

115  ±10 

145  ±5 

195  ±5  (NaOH) 

110  ±10  (HCI) 

Average  Surface  Roughness, 
rms  microinches 

15  -  100 

50  -  150 

80  -  120  (NaOHf 

30  -  60  (HCI) 

(a)  Data  are  from  Sanz  and  Shepherd^®'  and  also  from  data  and  information  gathered  and  compiled 
by  the  aathcr  from  other  sources. 


technique  was  used;  i.  e.  ,  the  parts  were  masked 
all  over  and  c  -npletely  scribed;  maskant  was  then 
removed  from  tha  areas  to  be  etched  first  {  or  to 
greatest  depth)  and  the  part  was  etched;  another 
area  of  maskant  ws  >  .hen  removed  and  the  part  et¬ 
ched,  etc.  The  thiimes*  reas  are  0.  025-inch 
thick.  Tolerances  we-  <■  .old  to  ±0,  002  inch. 

In  other  work(22)  it  was  found  feasible  to 
chemically  blank  small  details  and  parts  from 
titanium  with  material  thicknesses  up  to  0.  070 
inch.  Masking  was  done  using  KMER  (Kodak 
letal  Etch  Resist,  Eastman  Kodak  Company, 
Rochester,  New  York)  photosensitive  resist.  The 
bath  composition  used  to  blank  the  Ti-8Al-  IMo- 1 V 
alloy  parts  was  a3  follows: 

HF  1/2  to  4-1/2  oz/gal 

HNO3  8  to  15  oz/gal 

Metal  content  0  to  3  oz/gal 

H2O  Balance 

Etching  was  done  from  both  sides  simul¬ 
taneously  at  110  to  120  F.  Mechanical  vibratory 
stone  finishing  was  carried  out  on  the  milled 
pieces  to  rimove  the  sharp  edges  and  corners  re¬ 
sulting  from  the  blanking  operation 

A  monorcid  etchant  system  containing  10 
percent  hydrofluoric  acid  (by  volume)  has  been 
recently  developed,  {20)  This  bath  is  operated  at 
104  F,  and  surface  roughnesses  of  about  40  rms 
mioroinches  are  produced  on  alloys  such  as  Ti- 
6A1-4V,  Ti-8Al-lMo-lV,  and  Ti-6Al-6V-2Sn.  The 
monoacid  system  should  be  easier  to  control  and 
al.  more  economical  to  operate  than  systems 
based  on  the  HF-HNO3,  and  HF-CrOj  combin¬ 
ations  mentioned  earlier. 

3-3.  4.  1.4  R.ne-ng  -and  Stripping 

After  etching  iu  completed,  the  parts  are 
thoroughly  rinsed  with  water.  The  msakant  is  then 


either  stripped  by  hand  or  immersed  in  a  suitable 
solvent  to  facilitate  its  removal.  Proprietary 
solvents  are  available  for  handling  the  various 
types  of  maskants  used. 

3-3.  4.  2  Hydrogen  Pickup  During  Chemical  Milling 

Titanium  alloys  are  susceptible  to  hydrogen 
pickup  during  chemical  milling.  The  more  impor¬ 
tant  factors  governing  the. amount  of  hydrogen  ab¬ 
sorbed  are  composition  and  metallurgical  structure 
of  the  titanium  alloy,  etchant  composition,  etchant 
temperature,  and  etching  time.  With  some  alloys, 
the  amount  of  hydrogen  absorption  appears  closely 
related  to  the  amount  of  beta  phase  present  in  the 
alloy. 

The  susceptibility  of  various  titanium  alloys 
to  hydrogen  embrittlement. during  chemical  milling 
in  an  HF-^O-CrOj  bath  has  been  investigated. 

HF  23  percent  by  volume 

H2O  77  percent  by  volume 

CrO  3  125  g/1. 

Bath  temperature  was  140  Fr  and  etch  rate  was  1.0 
mil/mi.n.  Of  the  three  titanium  alloys  studied,  the 
beta  alloy,  Ti-I3V-llCr-3Al,  was  most  severely 
embrittled.  The  alpha-beta  alloy,  Ti-6A1-4V, 
showed  some  minor  embrittlement,  whereas  the 
alpha  alloy,  Ti-SAi-2.  5Sn,  was  not  ombrittlv.  i. 
Elevated-temperature  vacuum  treatments  were 
necessary  to  restore  ductility  to  the  Ti-13V~llCr- 
3Al  alloy.  Because  of  the  minor  embrittlement, 
as  shown  by  bend  ductility,  no  embrittlement-relief 
treatments  were  evaluated  or  deemed  necessary  for 
the  chemically  milled  Ti-6A1-4V  alloy. 

Results  from  various  studies  on  the  hydrogen 
embrittlement  of  titanium  alloys  chemically  milled 
in  hydrofluoric  acid-nitric  acid  solutions  have  been 
summarized,  The  hydrogen  pickup  was  closely 
related  to  the  HNO3-HF  ratio  in  the  bath.  One  study 
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showed  that  by  mainlining  the  HNOj  concentration 
above  20  percent  with  2  percent  HF  present,  the 
hydrogen  pickup  could  held  to  less  than  50  ppm 
tor  many  of  the  commonly  used  titanium  alloys. 
However,  other  investigators  reported  contrary  or 
different  results. 

Work  elsewhere*^1  ^  indicated  that  hydro¬ 
gen  pickup  by  Ti-6A1-4V  material  could  be  satis¬ 
factorily  controlled  in  production  baths,  and  that 
finished  parts  consistently  had  less  than  150  ppm 
hydrogen.  Additional  work  was  indicated  as  being 
required  to  achieve  the  same  limit  of  hydrogen  in 
the  Ti-8A)-lMo-lV  alloy;  the  control  material 
had  a  hydrogen  content  ranging  from  55  to  89  ppm, 
while  the  hydrogen  content  of  the  chemically  milled 
material  was  mostly  in  the  range  of  about  160  to 
220  ppm. 


3-3.  4.  3  Effects  on  Mechanical  Properties 

The  general  consensus  is  that  chemical  mill¬ 
ing  does  not  adversely  affect  the  mechanical  pro¬ 
perties  of  metals  provided  good  surfaces  are  pro¬ 
duced  (i.  e.  ,  surfaces  free  of  intergranular  attack, 
selective  etching,  pits,  etc.  )  and  that  no  significant 
amounts  of  hydrogen  are  introduced.  Published 
data,  however,  on  the  effects  of  chemical  milling 
on  mechanical  properties  of  metal3  are  rather 
scarce. 

Results  from  some  tensile,  compressive, 
and  shear  tests**®)  showed  that  chemical  milling 
had  no  significant  effect  on  these  mechanical  pro¬ 
perties  for  the  Ti-6A1-4V  alloy.  Chemical  milling 
also  had  no  significant  effect  on  the  tensile  proper¬ 
ties  of  Ti-5Al-2.  5Sn  alloy  material.  **8) 


With  the  newly  developed  monoacid  system 
for  milling  titanium  cited  earlier*28),  the  hydrogen 
level  reportedly  could  be  held  in  the  range  of  160 
ppm  for  Ti-6A1-4V  and  Ti-8Al-lMo-lV,  and  >n  the 
200-ppm  range  for  Ti-6Al-6V- 2Sn  during  the  etch¬ 
ing  process,  if  the  initial  hydrogen  level  of  the 
titanium- alloy  material  is  below  100  ppm. 

Other  investigators*2^  have  reported  that 
considerable  hydrogen  pickup  was  observed  in 
experimental  Ti-8Al-lMo-lV  parts,  chemical 
milled  at  an  etching  rate  of  1  mil/side/min  at  a 
temperature  of  180  F.  The  solution  contained  HF, 
Cr03,  titanium  powder,  and  dodecyl  sulfonic 
acid.  The  hydrogen  contents  before  and  after 
are  tabulated  below: 

Material 


As-received  sheet 

40 

Chemically  milled  from  0.  040  to 

360 

f'.  030-inch  thickness 

Chemically  milled  from  0.  040  to 

635 

0.  010- inch  thickness 

This  source  indicated  that  MIL  specifications  for 
the  Ti-8A1- IMo-lV  alloy  allow  a  maximum  150 
ppm,  so  they  would  automa  "v  reject  these 
sheets.  The  large  hydrogen  ,  .up  was  attributed 
to  operation  at  the  high  180  F  temperature.  How¬ 
ever,  low  etching  rates  of  0.  1  to  0.  2  mil/side/min 
were  obtained  when  operating  at  115  F. 

The  work  discussed  above  indicates  that 
hydrogen  pickup  can  be  a  problem  in  the  chemical 
milling  of  certain  titanium  alloys  (especially 
all-beta  alloys)  under  certain  operating  conditions. 
Additional  research  or  development  work  is  needed 
to  (i)  define  and  understand  the  hydrogen-pickup 
problem;  (2)  minimize  hydrogen  pickup  by  develop¬ 
ment  of  better  etchant  solutions  and  operating  con¬ 
ditions;  and  (3)  develop  suitable  baking  or  vacuum 
outgassing  procedure  for  embrittlement  relief. 


Other  work  showed  that  chemical  milling 
did  not  affect  the  tensile  and  ductility  properties 
of  heat-treated  Ti-7Al-4Mo  alloy  (see  Table 
3-3.  4.3-1). 

TABLE  3-3.  4.  3-1.  TENSILE  PROPERTIES  OF 
CHEMICALLY  MILLED  Ti-7Al-4Mo 
ALLOY*28) 

Note:  Longitudinal  blanks  were  cut  from 
Ti-7Al-4Mo  forged  stock  and  heat 
treated  to  190,000-psi  ultimate 
strength.  The  blanks  were  then 
machined  into  standard  1/4- inch- 
diameter  tensile  specimens.  Al¬ 
lowance  was  made  for  removal  of 
various  amounts  of  material  by 
chemical  milling  to  permit  uniform 
specimens  at  time  of  testing. 


Amount  Removed 


From  Diameter, 

YS, 

UTS, 

RA, 

El 

in. 

psi 

Psi 

_% _ 

in 

Controls 

182,000 

192,750 

30.  0 

10 

0.  005 

180,750 

191,000 

31.9 

10 

0.  014 

181,500 

191,500 

34.  9 

10 

0.  040 

180,500 

190,500 

31.9 

10 

Chemical  milling  of  T1-6A1-4V  and  Ti-8Al- 
lMo-lV  materials  has  also  been  investigated*28*  2^i 
for  use  in  potential  applications  such  as  fuselage- 
skin  tapering,  sheet  and  plate  sculpturing,  and  re¬ 
moval  of  excess  forging  stock.  Results  of  tests  on 
Ti-6Al-4V  and  Ti-8Al- IMo-  1 V  specimens  (using 
both  welded  and  unwelded  materials)  showed  that 
chemical  milling  had  no  discernable  influence  on 
air  fracture  toughness  or  delayed  fracture  resis¬ 
tance  of  either  of  these  materials.  Constant- 
amplitude  fatigue  tests  also  showed  no  significant 
effect  of  chemical  milling  on  the  fatigue  life  of 
either  of  these  alloys.  Flight  spectrum  fatigue  data 
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result*  on  chemically  milled  materials  were  some¬ 
what  erratic,  and  further  work  was  indicated  as 
needed  to  arrive  at  mor'j  definitive  results. 

One  source^)  indicated  that,  on  the  average, 
chemically  milled  specimens  of  the  Ti-6A1-4V  and 
Ti-5Al-2.  5Sn  alloys  showed  slightly  better  fatigue 
life  than  the  as- received  material.  On  the  other 
hand,  results  by  other  workers^*®)  using  fatigue 
tests  (reversed-cantilever  bending)  on  Ti-5Al-2.  5Sn 
alloy  sheet,  indicated  that  chemical  milling  increas¬ 
ed  the  hydrogen  content  of  this  alloy  and  reduced  the 
fatigue  strength  slightly.  Subsequent  vacuum  an¬ 
nealing  of  these  parts  reduced  the  hydrogen  to  a  low 
level  and  increased  fatigue  strength  significantly. 

ELECTRIC-DISCHARGE  MACHING 
3-3.  5.0  Introduction 

Electric-discharge  machining  (EDM)  has 
become  well  established  in  industry  for  fabrica¬ 
tion  or  shaping  of  metal  parts  that  cannot  be 
readily  produced  by  conventional  methods  because 
of  the  complex  shapes  involved  or  because  of  the 
toughness  and  hardness  of  materials.  Up  to  very 
recently,  die  and  tool  making  have  constituted 
the  major  uses  of  the  EDM  process.  Lately, 
production  use  of  EDM  has  increased  consider¬ 
ably  in  the  electronics,  aerospace,  and  other 
industries  for  machining  complex  shaped  or 
fine-detailed  parts,  especially  those  made  of 
hardened  and  tough  metals.  The  use  of  EDM  for 
machining  the  titanium  alloys  is  at  present  rather 
limited.  However,  with  efforts  currently  being 
made  to  improve  EDM  techniques  for  machining 
titanium  alloys,  the  use  of  EDM  on  thesu  alloy 
parts  is  expected  to  increase  in  the  near  future. 

3-3,  5.  1  Process  Principles 

The  EDM  process  can  be  described  as  the 
electrothermal  shaping  of  parts  by  the  controlled 
erosion  or  removal  of  metal  by  rapidly  recurring 
spark  discharges  striking  the  workpiece  surface. 
Although  as  yet  there  is  no  universally  accepted 
theory  regarding  the  exact  mechanism  of  metal 
removal  in  EDM,  it  is  generally  agreed  that 
erosion  or  metal  removal  is  brought  about  by 
melting  and  poseibly  by  some  vaporization  of  the 
metal.  Various  theories  are  discussed  in  Refer¬ 
ences  (30)  through  (33). 

A  spark  discharge  will  occur  when  the  volt¬ 
age  difference  across  the  gap  between  the  tool 
electrode  and  the  workpiece  electrode  becomes 
large  enough  to  break  down  or  ionize  the  di¬ 
electric  fluid  and  cause  it  to  act  as  an  electri¬ 
cally  conductive  channel.  For  example^®®),  when 
the  voltage  between  two  electrodes  separated  by  a 
gap  of  about  0,  001  inch  containing  a  dielectric 
fluid  fsuch  as  a  hydrocarbon  oil)  reaches  about 
70  volts,  the  dielectric  becomes  ionized  and  a 
discharge  occurs.  The  electrons  striking  the 


workpiece  change  their  kinetic  energy  into  thermal 
energy  or  heat.  This  heat  raises  the  surface  tem¬ 
perature  above  the  melting  point,  causing  the  for¬ 
mation  of  a  liquid  phase,  and  possibly  some  vapor 
phase  and  ions.  The  melted  or  vaporized  metal 
particllos^are  blasted  away  or  ejected  by  the  impact 
of  the  discharge  As  the  great  flow  of  electrons  oc¬ 
curs,  the  voltage  between  the  electrodes  drops  to 
about  20  volts,  which  is  low  enough  to  stop  electron 
flow.  The  ionized  channel  then  collapses,  the 
surrounding  dielectric  Uuid  takes  its  place,  and 
the  cycle  is  completed.  The  time  to  accomplish 
ionization  is  about  1  microsecond. 

Since  all  of  the  molten  metal  produced  by  the 
discharge  is  not  ejected,  craters  are  formed  on 
both  the  tool  and  workpiece.  The  size  of  the  craters 
is  determined  by  the  amount  of  charge  transferred, 
and  normally  the  smaller  craters  are  formed  on  the 
tool  electrode.  It  is  therefore  desirable  to  trans¬ 
fer  the  charge  in  the  shortest  possible  time  to 
minimize  thermal  conduction  into  the  body  of  the 
workpiece,  while  at  the  same  time  melting  the 
maximum  amount  of  metal.  The  transfer  of  a  large 
amount  of  charge  per  discharge  produces  large 
craters  and  rough  surface  finishes,  whereas  a 
small  amount  of  charge  per  discharge  results  in 
small  craters  and  smoother  surfaces. 

Since  each  spark  discharge  removes  a  tiny 
bit  of  metal,  the  phenomenon  described  above  can 
be  used  to  machine  or  shape  metal  parts,  because 
discharges  take  place  between  the  closest  points  on 
the  tool  electrode  and  the  workpiece.  These  spark 
discharges  can  be  made  to  occur  at  frequencies  of 
about  10,000  to  500,000  times  per  second.  Thus, 
over  a  period  of  time  ,  the  rapidly  occurring  spark 
discharges  will  erode  the  workpiece  in  such  a  man¬ 
ner  that  the  tool  shape  is  reproduced  in  the  work- 
piece  with  an  accurately  predicted  overcut. 

3-3.  5.  2  Machines  and  Equipment 

3-3.  3.2.  0  Introduction 

Figure  3-3,  5.  2.  0-1  shows  the  main  equip¬ 
ment  components  needed  for  an  EDM  operation. 

They  include: 

(1;  A  Machine  to  hold  the  shaped  tool(s)  and 
woikpiece(s)  accurately  positioned  with 
respect  to  one  another 

(2)  A  power  pack  that  supplies  a  readily  con¬ 
trolled,  high-frequency,  pulsating  direct 
current 

(3)  A  servomechanism  to  accurately  main¬ 
tain  the  desired  gap  between  the  tool 
and  the  workpiece 

(4)  A  system  for  pumping  dielectric  fluid  to 
the  machining  zone ,  flushing  away  the 
eroded  particles  and  removing  the 
particles  from  the  fluid. 
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3-3.  5.  2.  2  Gap- Controlling  Servomechanism 


FIGURE  3-3.  5.  2.  0-1.  SCHEMATIC  DIAGRAM  OF 
A  TYPICAL  ELECTRIC- DISCHARGE 
MACHINING  OPERATION 


As  shown  in  Figure  3-3.  5.  2.  0-1,  the  tool 
and  workpiece  are  set  up  for  operation  under  the 
usual  or  standard  polarity,  i.  e.  ,  the  tool  is 
cathodic  or  negative,  v/hile  the  workpiece  is 
anodic  or  positive.  With  reverse  polarity,  the 
workpiece  is  the  cathode  and  the  tool  is  the  anode. 
The  choice  of  polarity  to  be  used  is  governed  most¬ 
ly  by  the  workpiece- tool  material  combination  and 
also  by  other  EDM  operating  conditions. 


Operating  gaps  between  the  tool  and  the  work- 
piece  generally  range  from  about  0.  0002  inch  to 
about  0.015  inch.  Generally,  the  smaller  gaps  are 
used  for  finishing-type  work  where  smoother  sur¬ 
faces  are  desired.  Conversely,  EDM  at  larger 
gaps  is  used  for  roughing  work  carried  out  at  higher 
metal- removal  rates.  The  feed  of  the  shaped  tool 
electrode  into  the  workpiece  is  controlled  by  the 
servomechanism,  which  acts  to  maintain  a  pre¬ 
determined  gap  so  that  efficient  machining  can  take 
place.  The  servomechanism  receives  a  voltage 
signal  from  the  machining  gap:  this  voltage,  which 
is  gap  dependent,  is  then  compared  with  a  specific 
reference  voltage.  The  servomechanism,  acting 
in  response  to  the  gap- voltage  signal,  will  either 
advance  or  retract  the  tool  so  that  machining  will 
proceed  at  a  specified  voltage.  The  servo¬ 
mechanism  will  also  retract  the  tool,  if  a  shorted 
condition  occurs,  to  allow  the  dielectric  fluid  to 
flush  out  the  metallic  debris  causing  the  short, 
and  then  return  the  tool  to  the  normal  machining 

gap- 


Figure  3-3.  5.  2.  0-2  shows  a  typical  general- 
purpose,  heavy-duty  EDM  installation^34).  The 
EDM  machine  is  at  center  right,  while  the  power 
pack  and  control  console  are  at  the  left.  The 
servomechanism  is  at  the  top  center,  above  the 
tool  holder;  the  workpiece  is  positioned  on  the 
worktable  inside  the  dielectric  tank.  The  dielec¬ 
tric  circulating  and  filtering  equipment  are  at 
the  right-rear  of  the  EDM  machine. 

3-3.  5.  2.  I  Power  Packs 

Power  packs  come  in  a  large  number  of 
sizes  and  use  a  variety  of  basic  circuits  to  supply 
pulsating  direct  current  to  the  EDV  machines. 

Most  EDM  units  now  in  use  range  '  rom  about  15  to 
100  amperes  in  size;  the  recent  trend  is  toward 
larger  machines  with  capacities  of  40  to  100 
amperes  and  more.  These  larger  units  often  have 
multiple  current- supply  features,  so  that  they  can 
supply  current  to  several  electrodes  or  to  two  or 
r:ore  separate  EDM  units.  Although  much  of  the 
EDM  work  is  done  at  voltages  in  the  range  of  about 
30  to  100  volts,  newer  units  are  often  being  sup¬ 
plied  with  higher  voltage  outputs,  e.  g.  ,  200  to 
400  volts.  Machining  frequencies  for  EDM  units 
range  from  about  10,000  to  300,000  cycles/sec 
and  higher. 

Each  power  pack  will  usually  provide  many 
combinations  of  currents,  voltages,  capacitances, 
and  frequencies  for  use  in  achieving  a  wide  range 
of  metal-removal  rates  and  surface  finishes.  De¬ 
tailed  information  on  commercially  available  pow¬ 
er  packs  and  EDM  machines  together  with  data  on 
their  ratings  and  capabilities  can  be  obtained 
readily  from  EDM-  *quipment  manufactures. 


3-3.  5.  2.  3  Dielectric  Fluids 

The  dielectric  fluid  plays  a  very  important 
vole  in  the  overall  EDM  operation.  The  dielectric 
fluid  must  act  as  an  insulation  between  the  tool  and 
the  workpiece  until  sufficient  voltage  is  applied 
across  the  gap  to  make  it  break  down  and  become  a 
conductor  for  the  spark  discharge.  The  fluid  must 
then  quickly  heal  itself  and  again  become  an  insula¬ 
tor  so  that  electrical  energy  can  be  built  up  immedi¬ 
ately  to  produce  the  next  spark  discharge.  In  addi¬ 
tion,  the  dielectric  acts  as  a  coolant  and  also  serves 
as  vhe  flushing  medium  for  removal  of  metallic  de¬ 
bris. 

Although  not  indicated  in  Figure  3-3.  5.  2.  0-1, 
the  dielectric  fluid  is  generally  made  to  flow  through 
small  holes  or  openings  in  either  the  tool  or  the 
workpiece.  Hole  size  and  location  are  important  in 
providing  effective  cooling  and  flushing  of  the  spark- 
discharge  zone.  Dielectric  pumping  pressures  gen¬ 
erally  range  from  about  10  to  100  psig,  with  the  more 
normal  range  being  about  10  to  40  psig.  Vacuum  or 
suction  systems  are  sometimes  employed  to  remove 
fluid  and  debris  from  the  working  zone.  The  di¬ 
electric  fluid  is  filtered  continuously  in  order  to 
provide  a  steady  flow  of  clean  fluid  to  the  EDM  zone. 

Hydrocarbon  fluids  possess  good  dielectric 
properties  and  are  generally  used  for  EDM.  Fre¬ 
quently  used  hydrocarbons  include:  heavy  trans¬ 
former  oils,  paraffin  oils,  light  oils,  kerosenes 
and  mixtures  thereof.  Silicone  oils,  polar  com¬ 
pounds,  deionized  water,  etc.  ,  have  also  been  used 
for  EDM  operations. 

Since  dielectric  fluids  have  significant  effects 
on  metal-removal  rates,  electrode  wear,  and  other 
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FIGURE  3-3.  5.  2.  0-2.  TYPICAL  GENERAL-PURPOSE  EDM  INSTALLATION^34) 


EDM  operating  characteristics,  they  should  be 
carefully  selected.  Data  and  recommerdations  on 
dielectric  fluids  to  use  for  various  tool-workpiece 
combinations  are  usually  available  from  EDM- 
equipment  makers. 

3-3.  5.  2.  4  Electrodes 

As  indicated  earlier,  the  tool  electrode  in 
EDM  closely  reproduces  its  own  configuration  in 
the  workpiece.  Thus,  in  a  sense,  it  might  be 
considered  as  comparable  to  a  cutting  tool  in 
conventional  machining.  Some  desirable  charac¬ 
teristics  of  a  good  electrode  material  are: 


(1)  High  metal- removal  rate,  i.  e.  ,  from  the 
workpiece 

(2)  Low  wear,  i.  e.  ,  high  metal  removal  Lorn 
workpiece  with  low  metal  removal  from, 
electrode 

(3)  Ability  to  produce  accurate  parts  with  good 
surface  finishes 

(4)  Ease  and  economy  of  machining  or  fabri¬ 
cating  into  tool  configurations 

(5)  Low  cost. 

Selection  of  a  particular  electrode  material 
is  based  on  consideration  of  all  of  the  above  factors 
and  how  they  apply  to  a  particular  EDM  operation  or 
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application.  Electrode  costs  generally  constitute 
a  major  or  significant  part  of  the  overall  EDM 
costs.  Thus,  electrode  wear  is  especially  im¬ 
portant  from  the  standpoint  of  EDM  part  accuracy 
and  EDM  costs. 

Since  wear  is  always  present  with  EDM 
electrodes,  efficient  and  relatively  inexpensive 
methods  of  fabricating  accurate  tool  shapes  are 
desirable  from  an  economy  viewpoint.  Electrodes 
are  usually  machined  or  ground  by  conventional 
machining  procedures.  Also,  other  methods  such 
as  forging,  casting,  electroforming,  sintering  of 
powdered-metal  forms,  etc.  ,  are  often  employed 
for  electrode  fabrication. 

Among  the  more  widely  used  electrode 
materials  for  general  EDM  operations  are:  carbon 
or  graphite,  brass,  copper-tungsten,  copper, 
zinc,  tin,  silver-tungsten,  steel,  and  proprietary 
materials.  Some  performance  data  on  various 
electrode  materials  used  for  EDM  of  titanium  are 
presented  below. 

3-3.  5.  3  Operating  and  Performance  Data 

Relatively  few  specific  data  on  operating 
conditions  and  overall  performance  characteristics 
for  EDM  of  titanium  alloys  have  been  published. 

This  lack  of  data  may  be  associated  to  some  ex¬ 
tent  with  the  fact  it  is  relatively  difficult  to  achieve 
good  surface  finishes  by  EDM  on  titanium  alloys. 
Some  specific  EDM  data  and  results  on  machining 
titanium-metal  workpieces  are  presented  below. 

Also  presented  are  the  generalized  results  of  some 
aircraft-company  evaluations  of  the  use  of  the 
EDM  for  machining  titanium- alloy  parts. 

Volumetric  metal- removal  rates  for  EDM 
of  titanium  workpieces  with  various  electrode¬ 
tool  metals  are  given  in  Table  3-3.  5.  J-l.  {35) 

The  higher  metal-rem'oval  rates  were  obtained 
with  cadmium,  zinc,  carbon,  and  copper  electrodes. 
Data  on  the  EDM  operating  conditions  used  in  de¬ 
termining  the  metal-removal  rates  are  given  in 
the  footnote  of  Table  3-3.  5.  3-1.  Comparision  data 
for  machining  iron  and  molybdenum,  under  similar 
EDM  operating  conditions  used  for  titanium,  are 
also  given  in  this  table. 

Table  3-1.  5.  3-2,  presents  machining  char¬ 
acteristics  for  EDM  of  titanium  workpieces  with 
various  electrode  tool  metals.  {3^  The  better 
metal-removal  rates  and  wo.rkpiece/tool  wear 
ratios  were  obtained  with  copper  and  zinc  elec¬ 
trodes.  Table  3-3.  5.  3-2  also  indicates  that  the 
workpiece  material/tool  material  combination 
greatly  affects  the  stability  of  the  machining  oper¬ 
ation  and  of  the  servomechanism  system. 

Electric-discharge  machining  of  TI-6A1-4V 
and  Ti-8Al-lMo-lV  alloys  was  evaluated  by 
Lockheed-California  Company  as  part  of  one  of 


their  development  programs.  {^)  The  electric- 
discharge-machined  titanium  alloys  exhibited  a  local 
layer  of  recast  metal  on  their  surfaces.  Results 
of  tension-tension  fatigue  tests  {R=0.  1,  Kt=2.  7) 
showed  uniformly  poor  fatigue  behavior.  Micro¬ 
scopic  examinations  showed  a  thin  layer  of  recast 
metal  on  the  machined  surface,  which  may  have 
initiated  early  fracture.  Accordingly,  the  use  of 
EDM  was  not  recommended  as  a  final  machining 
operation  on  t’tanium  alloys  because  of  its  probable 
lowering  of  fatigue  performance. 

Based  on  studies  conducted  at  the  Norair 
Division  of  Northrop  Corporation^?),  results  ob¬ 
tained  in  EDM  machining  of  titanium  alloys  were 
generally  not  in  keeping  with  aircraft-quality  stan¬ 
dards.  EDM  produced  titanium-alloy  parts  with 
relatively  rough  surfaces,  along  with  a  heat-affected 
zone.  Surface  contamination  from  .electrode  burn- 
off  was  also  reported.  The  use  of  EDM  was  sug¬ 
gested  only  for  those  parts  or  cuts  where  EDM  was 
the  only  way  of  accomplishing  the  particular  ma¬ 
chining  operation. 

(38) 

Results  of  some  initial  tests  at  Boeing'  ' 
indicated  a  reduction  in  the  fatigue  life  of  electric- 
discharge  machined  Ti-8Al-  IMo-l  V  specimens. 

This  work  also  indicated  that  considerable  latitude 
exists  in  the  selection  of  EDM  operating  conditions 
so  as  to  produce  smoother  surface  finishes  and 
also  to  minimize  the  depth  of  the  recast  layer. 

Figure  3-3.  5.  3-1  shows  a  Ti-5Al-2.  5Sn  alloy 
ring  machined  by  EDM.  {39)  This  ring  forms  a  part 
of  a  three- stage  compressor  cage.  Male  and  fe¬ 
male  graphite  electrodes  were  used  to  produce  the 
interior  and  exterior  airfoil  contours  from  pre¬ 
viously  mechanically  machined  bosses.  The  air¬ 
foil  shapes  were  machined  one  at  a  time;  the  inter¬ 
ior  as  well  as  the  exterior  shapes  were  machined 
in  separate  operations.  Judicious  choice  of  a 
particular  grade  of  graphite-electrode  material  and 
hydrocarbon  dielectric  fluid,  together  with  careful 
control  of  current,  spark  frequency,  flushing,  etc.  , 
were  required  to  achieve  good  surface  finishes  on 
the  part.  The  estimated  wear  ratio 
workpiece  removal  for  the  above  operation  was 
electrode  removal 
about  2.  5  to  1. 

From  discussions  with  EDM  personnel  in  the 
field,  it  was  learned  that  the  more  commonly  used 
electrode  materials  for  EDM  of  titanium  alloys  are 
brass,  copper-tungsten,  and  graphite.  Typical 
workpiece/electrode  wear  ratio  were  estimated  as 
follows: 

Brass  :  1:1 

Cu-W  :  21/2-3:1 

Graphite  :  2-3:1 

Hydrocarbon  dielectric  fluids  are  generally  used. 
Where  contamination  of  the  workpiece  surface  by 
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TABLE  3-3.  5.  3-1.  VOLUMETRIC  METAL-RLMOVAL  RATES  FOR  EDM  OF  TITANIUM  AND  OTHER 
METALS  USING  VARIOUS  TOOL- ELECTRODE  METALS^6*  35»*> 


Volumetric  Metal  Removal  Rates,  mm  37/min,  for  tool  electrode  metalc  indicated 


Tool-Electrode  Metal 
Workpiece  Metal 

C 

Mg 

A1 

Ti 

Fe 

Cu 

Zn 

Cd 

Titanium 

5.  25 

3.24 

1.  96 

0.  27 

0.  67 

3.  5 

25.4 

29.  1 

Iren 

13.  38 

1.62 

2.  87 

1.45 

0.  33 

10.  9 

4.  10 

11.  5 

Molybdenum 

10.  8 

5.  67 

3.  67 

0.  17 

0.  17 

6.  67 

5.  00 

6.  83 

(a) 


EDM  Test  conditions  were  as 
Electrospark  Machine  : 
Circuit  Type  : 

Circuit  Parameters  : 

Average  Voltage  : 

Average  Current  : 

Dielectric  Fluid  : 

Workpieces  : 


Tool  Electrodes 
Duration  of  Test 


follows: 

Sparcatron  Mark  3 
RC  relaxation 
R  =  27  ohms,  C  =  16  pF 
160  volts 
4  amp 

Commercial  paraffin,  continuously  filtered 

Thin  sheets,  ranging  from  0.  005  to  0.  065  in.  thickness,  of  Johnson 
Matthey  "Specpure"  standardized  substances  or  commerciallv  pure 
metals. 

Cylindrical  rods,  generally  3/16  in.  in  diameter  of  "Specpure"  sub¬ 
stances  or  commercial  pure  metals. 

Time  taken  for  electrode  to  drill  hole  through  workpiece. 


TABLE  3-3.  5.  3-2.  EDM  OF  TITANIUM  WITH  VARIOUS  TOOL- ELECT  RODE  MATERIALS 


Machining 

Volumetric 

Volumetric 

Wear  Ratio 

Workpiece 

Tool 

Current, 

Metal  Removal 

Tool  Wear 

(Volume  of  Workpiece 

Machine 

Material 

Material 

amp 

Rate, 

Rate, 

Removed  to 

Stability 

0.  001  in.  3 /min 

0.  001  in.  3 /min 

Volume  of  Tool 

Removed) 

Titanium 

Zinc 

14 

3.  8 

9.  2 

0.  41 

Good 

Titanium 

Copper 

10 

2.  8 

0.  36 

7.  8 

Poor 

Titanium 

Magnesium 

12 

0.  24 

12.  0 

0.  02 

Good 

Titanium 

Aluminum 

10 

0.  16 

1.  2 

0.  13 

Fair 

Titanium 

Iron 

12 

0.  12 

0.  7 

0.  17 

Fair 

Titanium 

Titanium 

2 

0.  03 

0.  06 

0.  50 

Fair 

Iron 

Copper 

12 

0.  95 

0.  50 

1.9 

Fair 

carbon  from  the  dielectric  or  graphite  (carbon) 
electrodes  may  be  a  problem,  use  of  distilled 
or  deionized  water,  or  some  other  non-carbon- 
containing  dielectric  might  be  ccnsidered. 

3-3.  5.  4  Special  Comments 

In  summation,  it  should  be  indicated  that 
considerable  care  will  be  needed  in  deciding  where 
it  will  be  advantageous  to  use  EDM  for  processing 
titanium  aircraft  parts.  As  indicated  above,  the 
recast  layer  produced  by  EDM  may  adversely 
affect  fatigue  performance  of  a  part.  Accordingly, 


for  applications  where  this  layer  is  undesirable, 
as  for  stressed  parts  subjected  to  vibratory  loading, 
the  surface  layer  should  be  removed.  Thus,  it  is 
recommended  that  the  EDM  operation  be  followed 
by  metal-removal  treatments  such  as  mechanical 
polishing,  lapping,  or  boring,  electropolishing, 
and  chemical  polishing.  Shot  peening  or  vapor 
blasting  of  the  electropolished  or  chemically  polish¬ 
ed  parts  may  also  be  employed  to  introduce  com¬ 
pressive  stresses  to  the  processed  parts  to  improve 
fatigue  performance. 
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Continued  research-and-development  work 
on  EDM  operating  conditions  for  machining  titani¬ 
um  alloys  is  expected  to  produce  parts  with  better 
surface  finishes  then  those  heretofore  obtained. 

This  should  result  m  a  greater  utilization  of  the 
EDM  process  in  the  near  future  for  machining 
intricately  shaped  titanium-alloy  parts. 
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3-10.0  INTRODUCTION 

Substantial  improvements  have  been  made  in 
forming  machines,  dies,  and  manufacturing  tech¬ 
niques  during  the  last  5  years.  Developments  in 
vacuum  forming,  roll  forming,  and  other  processes 
have  led  to  routine  practices  for  forming  titanium 
with  a  high  degree  of  success. 

Some  companies  prefer  hot  forming  to  im¬ 
prove  formability  and  dimensional  tolerances. 

Othet  s  use  the  cold-forming  —  hot- sizing  approach 
to  accomplish  the  same  result,  namely  parts  with 
close  tolerances  and  acceptable  mechanical  pro¬ 
perties. 

Cold  forming  is  commonly  employed  in 
stretch  forming  skins  and  sections;  sometimes  the 
die  is  warmed  to  300  F.  For  close  tolerance  work 
the  stretch  formed  parts  are  generally  hct  sized 
after  forming.  Simple  br?ke  fbrming  of  straight 
sections  also  can  be  done  at  room  temperature  if 
adequate  bend  radii  are  designed  into  the  tool.  A 
variation  in  sheet  orientation  can  be  expected  to 
affect  the  minimum  bend  radii  which  is  obtainable 
at  room  temperature. 

Ti-8Al-lMo-lV  can  be  cold  formed  to  shallow 
contours  using  standard  equipment.  Bend  radii 
must  be  larger  than  those  for  hot  forming  and  the 
depth  of  the  stretch  flange  smaller.  Cold  forming 
shapes  in  other  alloys  generally  results  in  ex¬ 
cessive  springback,  frequent  interstage  anneals,  and 
requires  more  powerful  equipment. 

Stress  relieving  or  hot  sizing  is  usually  re¬ 
quired  for  cold-formed  titanium  parts  to  minimize 
residual  stresses  and  to  avoid  delayed  cracking  or 
stress  corrosion.  Stress  relieving  is  also  neces¬ 
sary  to  restore  compressive  yield  strength. 

Hot- forming  techniques  are  used  on  titanium 
and  its  alloys  to  increase  iormability,  minimize 
springback,  reduce  variations  in  wmneis  between 
sheets,  and  produce  maximum  deformations  with 
minimum  interstage  anneal  j.  Severe  forming 
operations  must  be  performed  in  hot  dies  using 
preheated  material.  Dies  designed  for  operation 
at  temperatures  as  high  as  1450  F  tor  high-strength 
alloys  are  required. 


the  highest  temperature  which  does  not  degrade  the 
properties  of  the  part  during  service  may  be  con¬ 
sidered. 

Some  of  the  advantages  ami  disadvantages 
of  each  approach  are  listed  in  Table  3-  ’  J.  0-1. 

TABLE  3-10.0-1  ADVANTAGES  AI  D  DISADVAN¬ 
TAGES  OF  HOT  FORMING  AND  COLD 
FORMING  -  HOT  SIZING  APPROACHES 


Hot  Forming _ Cold  Forming-Kot  Sizing 

Advantages 

(1)  Single  Opera-  (1) 

tion 


(2)  Lower  forming  (2) 

pressures 

(3)  Material  is  at  (3) 

elevated  temper¬ 
ature  for  shorter 
time 


Forming  can  be  accom¬ 
plished  on  all  available 
types  of  forming  machines 
Reduced  dwell  time  in 
cold  forming  press 
Parts  are  stress  reHeved 
on  sizing 


(4)  Can  use  lower  cost  tool¬ 
ing  materials  in  cold 
forming 
Disadvantages 


(1)  Requires  temper-  (1) 
ature  resistant 

tool  materials 

(2)  Tools  must  be  a-  (2) 
dapted  for  heating 

(3)  Requires  use  of  (3) 
slow  press  with 
some  dwell  time 

(5  min) 

(4)  Limited  to  form-  (4) 
ing  operations  on 
equipment  which 
can  use  heated 
tools 


Requires  additional  equip¬ 
ment  (hot  sizing  presses) 

Long  dwell  times  in  hot 
sizing  press  (30  min) 

Long  exposure  timet  to 
elevated  temperatures 

Requires  tv  n  sets  of 
dies  (one  set  heat  re¬ 
sistant) 


The  decision  as  to  which  process  approach  to  use 
normally  depends  on  the  types  of  forming  equip¬ 
ment  available  and  the  part  shapes  to  be  made. 

Tf  available  press  equipment  can  use  heated  dies, 
the  hot  forming  approach  is  probably  preferred. 


Temperatures  between  600  and  800  F  are 
generally  avoided  for  forming  because  most  ti¬ 
tanium  alloys  show  a  decrease  in  ductility  in  this 
temperature  range.  Forming  at  those  temper¬ 
atures  may  cause  strain  aging  in  alpha  titanium 
alloys  or  precipitation  hardening  in  certain  alpha¬ 
bets  titanium  alloys.  Usually  it  is  desirable  to 
use  the  lowest  temperature  which  confern  adequate 
formability.  If  maximum  formability  is  desired. 


3-10.1  FORMING  TITANIUM 
3-10.1.1  Forming  Behavior 

Titanium  is  more  difficult  to  form  than  the 
more  familiar  steel  and  aluminum  alloys.  Close 
control  of  forming  and  allied  fabrication  processes 
and  attention  to  details  throughout  processing  are 
necessary.  In  spite  of  advances  made  in  fabrication 
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techniques  and  control,  successful  forming  of  titan¬ 
ium  still  relies  on  a  good  deal  of  experience.  Titan¬ 
ium  alloys  generally  have  less  predictable  forming 
characteristics  than  the  available  steel  and  duminum 
allovs,  Titanium,  being  a  stronger  material,  re¬ 
quires  higher  forming  pressures  which  must  be 
closely  controlled  over  a  much  smaller  workability 
rrnge.  The  spread  between  yield  strength  and 
ultimate  strength,  expressed  as  a  percentage  of 
the  ultimate  strength,  is  smaller.  Other  character¬ 
istics  adversely  affecting  titanium  formability  in¬ 
clude  tendencies  toward  nonuniformities  i«  sheet, 
notch  sensitivity,  moderate  galling  properties,  low 
■•.hrink  capabilities,  and  potential  embrittlement  by 
overheating  or  by  absorbed  hydrogen,  oxygen,  or 
nitrogen  during  processing. 

In  spite  of  the  problems,  titanium  is  being 
formed  successfully  to  the  same  tolerances  as 
aircrait  parts  made  from  aluminum  or  stainless 
steel.  The  care  lequired  to  obtain  these  results 
as  well  as  the  time  required  to  form  and  t! 
additional  cost  of  elevated- temperature  forming 
results  in  somewhat  higher  processing  costs  for 
titanium  compared  to  stainless  steels  or  aluminum. 
As  greater  forming  experience  is  gained  the  metal¬ 
working  costs  for  titanium  are  expected  to  decrease. 

When  formed  at  room  temperature,  commer¬ 
cially  pure  titanium  and  titanium  alloys  behave  like 
cold-rolled  stainless  steel.  For  example,  in  strstch 
forming  titanium  seem  to  behave  like  full-hard 
stainless  steel.  Shapes  that  can  be  successfully 
pres*  formed  in  1 /4-hard  tainless  steel  usually  can 
be  press  formed  in  commercially  pure  titanium; 
howe>  the  latter  may  require  hot  siring  to  pro¬ 
duce  severe  contours.  The  formability  of  roost 
titanium  alloys  at  1 200  F  is  comparable  to  that  of 
annealed  stainless  steel  at  room  temperature.  The 
optimum  forming  temperature  depends  cn  the  alloy 
and  the  type  of  forming.  For  instance  the  commer¬ 
cially  pure  grades,  being  more  ductile  than  the  al¬ 
loys,  present  fewer  problems  and  can  be  fabricated 
to  simple  shapes  at  room  temperature. 

Springback  in  titanium,  at  room  temperature, 
is  not  easily  predictable.  It  tends  to  follow  the 
yield  strength/ultimate  tensile  strength  ratio  with 
higher  ratios  indicating  greater  amounts  cf  spring- 
back.  Springback  in  stretch  forming  of  titanium 
alloys  at  room  temperature  has  been  reported  to  be 
a*  high  as  20  to  30  percent  of  bend  angle.  The 
greater  amount  of  springback  is  not  th*>  major 
problem  when  cold  forming  titanium.  The  wdde  var- 
•  »tsons  in  yield  strength  among  different  heats 
magnified  by  a  low  modulus  of  elasticity  can  give  a 
w i<Ce  spread  in  springback  angle,  especially  if  the 
bend  angle  of  the  part  is  iixed  by  the  forming  tool. 

All  titanium  alloys  resist  sudden  movement; 
h  ace,  stretching  and  pressing  operations  are 

re<  ommended  where  a  controlled  rate  of 
load  application  can  be  maintain'd.  The  slower 
the  forming  speed,  the  better  the  formability  at 
rorsi  tempt  ratur  e.  At  elevated  temperatures 
s csx  titanium  alloys,  like  T1-6A1-4V.  have  better 


formabilities  at  higher  forming  speeds  while  others 
such  as  13V-llCr-3Al  exhibit  less  ductility  at  higher 
formit.g  speeds.  From  an  economic  viewpoint,  faster 
speeds  may  be  necessary,  and  even  tolerable,  if 
larger  radii  can  be  accommodated  in  the  design. 

The  formability  of  titanium  is  poor  in  operations 
characterized  by  shrink  flanges  such  as  found  in 
rubber  press  forming.  Consequently  areas  that 
require  gathering  of  material  should  be  minimized 
when  designing  parts. 

Hot  forming  improves  the  forming  character¬ 
istics  of  titanium  ma,nly  by  increasing  its  ductilitv; 
major  improvements  normally  occur  above  1000  F 
for  most  titanium  alloys.  The  yield  strength  normally 
starts  co  decrease  at  abouc  the  same  temperature 
and  results  in  lower  forming  pressures.  At  elevated 
temperatures  the  variations  in  yield  strengths  betwe’en 
heats  and  from  shipment  to  shipment  are  smaller. 
Hence,  parts  formed  at  elevated  temperatures  ex¬ 
hibit  greater  contour  uniformity. 

3-10.1.2  Formability  Ratings  and  Forming  limits 

Materials  can  be  arranged  in  the  order  of 
decreasing  formability  based  on  increasing  yield 
strengths,  yield  strength/tensile  strength  ratios, 
and  decreasing  ductility.  Formability  ratings  for 
various  materials  at  varying  temperatures  i-.  dif¬ 
ferent  processes  have  also  been  based  on  the  material 
parameters  and  types  of  forming  failures  experienced. 
The  types  of  failures  and  the  controlling  parameters 
for  various  forming  processes  are  given  in  Table 
3-10.  1.2-1.  When  using  conven.ional  mechanical 
properties  for  determining  the  parameters,  it 
should  be  remembered  that  only  ,<  small  portion  of 
a  sheet  is  tested,  and  single  values  give  no  hint 
of  uniformity.  Table  3-10.  1.  2-2  shows  the  relative 
formability  of  some  titanium  alloys  for  six  common 
aircraft  forming  operations. 

Although  it  is  possible  to  rate  metals 
approximately  in  the  order  of  their  formabilities 
it  is  still  impossible  to  predict  precisely  whether 
or  not  a  desired  shape  cai.  be  formed.  Hence, 
formability  tests  have  been  used  to  evaluate  the 
forming  characteristics  and  forming  limits  of 
titanium  in  various  processes. 

3-  10.  2  HANDLING  AND  CLEANING 

3-  10.  2.  0  Introduction 

Blanks  and  parts  must  be  bandied  with  reason¬ 
able  care  to  avoid  nicks  aud  scratches.  These 
defects  can  lead  to  premature  forming  failures  and 
possible  part  failure  in  service.  Blanks  or  parts 
should  be  interleaved  with  paper  between  process 
steps  and  during  storage. 

Surface  oxides  or  scaie,  if  present,  should 
be  removed  before  forming.  Such  coatings  can 
increase  notch  sensitivity  during  formings.  Grease, 


TABLE  3-10.  1.  2-1  TYPES  OF  FAILURES  IN  SHEET-FORMING  PROCESSES 

AND  MATERIAL  PARAMETERS  CONTROLLING  DEFORMATION  LIMITS*1* 

The  parameters  can  be  determined  in  tensile  and  compressive  tests. 


_ Process _ 

Brake  forming 
Dimpling 
Beading 
Drop  hammer 
Rubber  press 
Sheet  stretching 
Joggling 
,.ner  stretching 
Trapped  rubber,  stretching 
Trapped  rubber,  shrinking 
Roll  forming 
Spinning 
Deep  drawing 


Cause  of  Failure 
Splitting  Buckling 


Ductility 

Parameter'** 

ein  0.25  in. *c) 
« in  2.  0  in. *d> 

*  in  0.  5  in. *c) 
(tin  2.0  in.)(Su) 
c  in  2.  0  in. 
c  in  0.  02  in. 
s  in  2.0  in.  *e' 
e  in  2.  0  ln.*^ 


Buckling  Parameters*^) 


Ec/Scy 

Et'sty 

Et/st; 

Ec/Sc'y  and  1/Scy 


Et/S  '(g)  and  Ec/S  <h) 
Ec/ScY  andEt/Su 
®c/Scy  and  Sty/Scy 


(a)  «  indicates  natural  or  logarithmic  strain;  the  dimensions  indicate  the  distance  over  which  it  should  be 

measured. 

(b)  Ec  =  modulus  in  compression;  Et  =  modulus  in  tension;  SCy  =  compressive  yield  strength;  S(y  =  tensile 
yield  strength;  Su  s  ultimate  tensi'c  strength. 

(c)  Corrected  for  lateral  contraction. 

(d)  For  a  standard  43-degree  dimple. 

(e)  The  correlation  varies  with  sheet  thickness. 

(f)  The  correlation  is  independent  of  sheet  thickness. 

(g)  For  roll  forming  heel-in  sections. 

(h)  Foi  roll  forming  heel-out  sections. 

TABLE  3-10.1.2.2  RELATIVE  FORMABILITY  OF  ANNEALED  TITANIUM 
ALLOTS  FOR  SIX  SHEET-FORMING  OPERATIONS  AT 
ROOM  AND  ELEVATED  TEMPERATURES*?) 


Btake  Press 
(Minimum  pend 
Radius)  at  Room 
Temperature 


4AJ-3Mo-lV*a> 

(4.5T) 

2.5AI-16V*3) 

(4.5T) 

6AI-4V  (4.5T) 

5AI-2.8CH.2Fe 

(6.2T) 


Drop  Hammer 
(Maximum 
Stretch)  at  850 
to  950  F 


Hydropress  (Trapped  Rubber) 


Stretch 
(Maximum)  at 
fOO  to  700  F 


Shrink 

(Maximum)  at 
600  to  700  F 


13V-UCr-3Al*a)  13V-UCr-3Ai,a)  13V-llCr-3AI*a)  13V-UCr-3AJ*a> 


(1.5T) 

(16%) 

(10%) 

(6%) 

(1.25) 

8Mn(3T) 

8Mn(16%) 

8Mn  (7,5%) 

8Mn(5%) 

8Mn(4) 

5AI-2.5Sn 

(3.5T) 

5Ai-2.5Sn 

(13%) 

6AI-4V  (5%) 

6AI-4V  (4%) 

5A!-Z5Sn  (4) 

7AI-2CHTa 

(AT) 

6AI-4V(13%) 

5Ai-25Sn 

(<5%) 

5AI-2.5Sn 

(3%) 

6AI-4V  (4.5) 

Jo“le*R“7^^le-  Stretch  Wrap 

- D^toRalio) -  (Maximum) at  SkinStietch 

to  ^om  Room  (Maximum)  at 

Temperature  At  600  to  700  F  Temperature  850  to  950  F 

13V-IICr-3Ai*a>  13V-llCr-3AJ*a>  8Mn(8%)  8Mn(18%) 

(1.25)  (1) 


SMn  (3) 
6A1-4V  (3) 


5A!-2.5Sn 

(4.5) 


5AI-2.5Sn(8%)  6A!-4V(17%) 


13V-UCf-  13V-UCr- 

3AI*a*  3Al(a) 
(5.5%)  (13.5%) 


CAI-4V  (3.5%)  5Ai-2.5Sh 
(12.5%) 


NOfe:  Sr"JTf lom!n*  Vs*’ tlK  1,051 the  lop  of  he list.  Numbers  in  parenthese  following  alloy  design* 

^  M  !  «°S  °!  fte  of  ,omialHI,*7  in  parentheses  at  the  tep  of  jxti  list.  Laboratory  index  values  shorn 

should  be  relaxed  at  least  25  percent  when  designing  for  production. 


(a)  Sotution-tre»lcd  condition. 

(b)  Reference  (7). 


Process  3^) 


oil,  and  all  solvents  containing  chlorides  and  resi¬ 
dues  of  these  solvents  must  be  removed  before  any 
heating  operation  associated  with  forming,  heat 
treating,  or  welding.  Surface  oxides  must  be  re¬ 
moved  after  hot  forming. 

Conventional  cleaning,  etching,  and  descaling 
procedures  can  be  used.  They  are  usually  covered 
by  company  specifications.  When  removing  oxide 
from  heat-treated  or  hot-formed  parts,  care  should 
betaken  to  remove  the  oxygen- rich  surface  layer. 
Hence,  parts  requiring  such  treatments  must  be  of 
sufficient  gauge  to  allow  for  this  metal  removal 
treatment.  Acid  concentrations,  temperatures, 
and  etching  rates  should  be  carefully  controlled 
to  minimize  local  attack  and  dimensional  changes. 

Parts  straightened  or  formed  with  tools  made 
from  lead,  Kirksite,  or  low  melting  alloys  should 
be  cleaned  in  nitric  acid. 

3-10.2.1  Removal  of  Scale 

Heavy  gray  and  black  scale  formed  on  titanium 
at  or  above  1000  F  can  be  removed  either  mechani¬ 
cally  or  chemically.  Mechanical  descaling  methods 
include  tumbling,  vapor  blasting,  and  fine  grit 
blasting.  Wire  brushing  and  coarse  grit  blasting 
(No.  120  and  coarser)  are  usually  prohibited  due 
to  possible  introdu  lion  of  stress  risers.  Chemical 
descaling  methods  involve  alkaline  and  acid  baths 
with  interstage  and  final  rinses.  The  following 
chemical  treatments  have  been  used: 

Process  1^) 

A.  Blast  scale  with  alumina 

B.  Swab  sui^ace  with  methyl  ethyl  ketone 

(M.E.K.) 

C.  Alkaline  clean  (5  minutes' 

D.  Hot- water- spray  rinse 

E.  Acid  clean  (10  UNO,  +  1  HF  in  water 

solution:  5  minutes) 

F.  Water  rinse 

G.  Hot-water  dip  (deionized  water) 

H.  Oven  dry  with  forced  air 

Process  2(3) 

A.  Alkaline  dip  (15  minutes  at  180  F) 

B.  Water  rinse  (hot  spray  for  3  minutes) 

C.  Scale-removal  dip  (a  cau'  tic- 

permanganate  mixture  like  Tnrco 

4338)  (15  to  45  minutes  at  180  F) 

D.  Hot-water- spray  rinse  (3  minutes) 

E.  HF-HNO3  (1:10  mix)  acid  pickle  (2  to  5 

minutes) 

F.  Cold-water- spray  rinse  (3  minutes) 

G.  Hot- water  dip  (deionized  water) 

H.  Dry  with  forced  air 


A.  Descale  with  47%  HNO3  (42°  Be)  +  6% 

Turco  4104  +  water 

B.  Rinse  thoroughly  in  hot-water  spray 

C.  Dry  with  forced  air 

Small  traces  of  scale  remaining  after  de¬ 
scaling  treatment  can  be  removed  by  hand  work 
using  emery  grit  No.  180  or  finer. 

3-10.2.2  Removal  of  Mill  Stencils  and  Grease 

Heavy  mill  stencil.-,  and  grease  should  be  re¬ 
moved  before  forming  operations.  Clean  surfaces 
favor  more  uniform  deformation  of  the  blanks. 

Heavy  oils,  greases,  and  fingerprints  should  be 
removed  from  the  formed  parts  prior  to  pickling, 
stress  relief,  and  annealing  operations. 

Methyl  ethyl  ketone  (M.  E.  K. )  is  a  widely  used 
solvent  for  cleaning  greasy  or  oily  substances  from 
titanium. 

3-10.2.3  Removal  of  Oxides  by  Pickling 

Thin  oxides  cf  titanium  formed  below  1000  F 
can  be  removed  by  pickling  in  acid  baths  approved 
for  titanium.  Blue  oxide  films  formed  between  700 
and  800  F  can  be  removed  in  1  to  5  minutes;  purple 
oxide  films  formed  by  more  severe  oxidation  can 
be  removed  in  5  to  10  minutes.  The  colors  can  vary 
somewhat  according  to  alloy  and  to  previous  mechani¬ 
cal  and/or  chemical  treatments.  The  treatments  arc 
less  severe  than  those  recommended  for  scale. 

Before  pickling,  all  parts  must  be  degreased 
wiln  a  nonchlorinated  solvent  (like  M.  E.  K. )  or 
alkaline  cleaned  to  insure  a  uniform  etch.  Chemical 
cleaning  involves  immersing  the  part  for  one  hour  in 
a  hot  alkaline  solution  at  200  F.  followed  by  thoroughly 
rinsing  in  water. 

The  pickling  operation  consists  of  immersing 
the  pa?t  in  a  20  percent  nitric  acid  plus  2  percent 
hydrofluoric  acid  bath  maintained  at  a  temperature 
of  120  F  just  long  enough  to  remove  the  oxide  film. 

A  cold  30  oercent  HNO3  +  3  percent  HF  solution  is 
just  as  effective.  The  acid  is  neutralized  by  immer¬ 
sing  the  part  in  a  mild  alkaline  bath  and  rinsing  by 
spraying  thoroughly  with  cold  deionized  or  deminer¬ 
alized  water.  The  alkaline  bath  may  not  be  needed 
if  the  part  is  rinsed  thoroughly.  The  part  is  then 
dryed  in  a  circulating  air  oven  at  180-240  F  or  in 
an  oil-free  air  blast. 

Pickling  after  hot  forming  to  remove  0.  002 
to  0.  003  inch  is  sometimes  advisable  to  remove  any 
oxygen- rich  surface  layer.  The  final  thickness, 
however,  must  not  be  reduced  below  the  minimum 
gauge  specified  for  the  part. 
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3-11.1  INCOMING  INSPECTION 

The  success  of  forming  and  the  reliability 
of  the  formed  part  depends  on  high-quality  sheet 
material.  This  means  that  visual  inspection  for 
surface  imperfections  and  gaging  for  flatness  and 
tolerance  discrepancies  are  usually  necessary. 


3-11.1.1  Visual  Inspection 


Incoming  sheet  should  be  inspected  for  proper 
identification,  carrier  damage,  and  proper  surface 
condition.  Titanium  sheet  and  strip  are  usually 
marked,  legibly  and  recurringly,  to  indicate  the 
rolling  direction.  The  markings  also  indicate 
gage,  grade,  heat  number,  test  number,  and  cus¬ 
tomer  specification  number. 


3-11.1.2  Laboratory  Tests 


The  laboratory  responsible  for  receiving  in¬ 
spection  of  materials  may  require  a  copy  of  the 
receiving  report,  the  mill  certificate  of  analysis, 
and  additional  samples  1x6  inches  or  1  x  9  inches 
from  each  heat.  The  certified  report  should  accom¬ 
pany  each  shipment  from  the  mill.  The  sample  of 
material  that  is  sent  to  the  laboratory  should  indi¬ 
cate  the  direction  of  rolling  and  be  identified  by  the 
heat  and  the  sheet  number.  The  heat  number  is 
usually  carried  through  final  assembly  of  parts  for 
identification  only  on  materials  that  have  demon¬ 
strated  inconsistencies. 


The  samples  are  usually  used  for  hardness, 
tensile,  and  bend  tests.  The  results  of  the  tests 
should  be  furnished  to  the  receiving  inspection 
group  with  recommendations  for  disposition  of  the 
material. 


3-11. 1.  3  Gage  and  Flatness  Inspections 


The  incoming  sheets  of  material  should  be 
checked  for  flatness,  thickness,  and  dimensional 
variations.  Acceptance  or  rejection  is  normally 
determined  by  appropriate  company  specifications. 
The  accepted  material  should  be  properly  identified 
and  placed  in  the  stock  room.  Off-tolerance  sheet 
may  either  be  returned  to  the  mill  supplier  or  held 
for  use  on  other  parts.  Often  delays  in  delivery 
of  material  may  necessitate  the  use  of  material  of 
heavier  gage  than  would  be  acceptable  otherwise. 
Heavier  gage  material  may  be  reduced  in  thick¬ 
ness  by  chemical  milling  or  grinding. 

3-11.2  HANDLING  AND  STORAGE  OF  TITANIUM 

Handling  of  sheet  materials  does  require 
special  precautions.  Sliding  of  titanium  sheets 
against  each  other  should  be  avoided  because 
scratches  may  *'mpair  ft.. inability.  Movement  of 
material  from  one  department  to  another  should 


be  done  only  when  there  is  paper  interleaving  be¬ 
tween  the  sheets  or  formed  parts.  Whtn  the  sheets 
must  slide  across  a  table  top,  there  should  be  a 
paper  or  plastic  covering  over  the  table. 

Titanium  sheets  can  be  stored  flat  or  on  end. 
The  sheets  should  always  be  interleaved  with  wrappin 
paper  during  storage.  Covering  the  stacks  helps  to 
keep  the  material  clean  and  free  of  grit.  It  is  also 
advisable  to  store  the  material  at  room  temperature 
for  a  short  time  before  starting  processing.  This 
reduces  the  possibility  of  moisture  condensing  on 
the  sheets  and  dirt  pickup  during  handling.  Storage 
should  be  in  an  orderly  manner  so  that  different 
alloys,  gages,  and  sheet  sizes  are  readily  identifiable 
The  stacks  should  be  arranged  for  ease  of  removing 
and  resupply  as  the  demand  requires  without  damagin 
the  sheets. 

3-11.3  BLANK  PREPARATION 
3-11.3.0  Introduction 

A  variety  of  cutting  processes  may  be  used 
for  the  preparation  of  sheet-metal  blanks  from 
titanium.  Some  of  the  processes  that  have  been 
used  successfully  for  the  preparation  of  titanium 
blanks  are  shearing,  blanking,  band  sawing,  slit¬ 
ting,  and  niobling.  Flame  cutting  or  other  thermal 
cutting  processes  are  usually  avoided  and  should  not 
be  used  unless  the  heat-affected  area  is  removed  in 
a  later  operation. 

3-11.3.1  Shearing 

Sheet  material  up  to  0.  140-inch  gage  can  be 
sheared  to  size  without  difficulty.  Sheet  with 
thicknesses  between  0.  140  and  0.  187  inch  have 
been  sheared  satisfactorily  but  require  precautions. 
The  sheet  must  be  held  firmly  to  prevent  slipping 
during  shearing.  Shears  used  for  mild  steel  may 
not  have  sufficient  holding  force  to  prevent  slippage. 
The  equipment  should  be  checked  for  capabilities 
before  being  used  for  the  production  of  titanium 
parts.'1' 


Sheared  edges ,  particularly  in  the  heavier 
gages,  may  show  some  irregularities  (0.  01  to  0,  02- 
inch  deviation).  This  is  generally  the  result  of 
insufficient  stiffness  in  the  shear  blade.  Edge 
cracks  may  occur  in  some  titanium  sheet  heavier 
than  0.080- inch  gage.  Shearing  may  be  used  in 
such  cases  if  the  cracks  are  removed  by  subsequent 
poliching  or  if  they  will  be  in  the  trim  area  of  the 
part.  When  cracks  occur  in  a  critical  section  of  the 
part,  band  sawing  should  be  considered  an  an  alter¬ 
nate  cutting  method. 

Conventional  power  shears  (square  shears) 
with  normal  blade  clearances  and  relief  angles 
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appropriate  for  steel  sheet  can  be  used  for  shearing 
titanium.  A  power  shear  with  a  3/16-inch  mild- steel 
shear  rating  can  cut  up  to  1  /8-inch  titanium  sheet. 
Only  sharp  cutters  should  be  used.  Blades  with  nicks 
will  contribute  to  edge  cracking. 

3-11.3.2  Blanking 

Blanking  is  performed  with  a  punch  press  on 
titanium  sheet  with  gages  up  to  1/8-inch  Small, 
irregular- shaped  blanks  up  to  0.  050  inch  in  thick¬ 
ness  can  be  blanked  from  titanium  sheet  at  room 
temperature,  using  dies  made  to  tolerances  of 
0.  004  inch.  Shc-t  thicknesses  from  0.  064  to  0.  125 
inch  can  be  successfully  blanked  at  room  temper¬ 
ature  using  dies  with  tolerances  of  0.001  inch  on 
part  shape.  U) 


Heavy  die  construction  with  suitable  guide 
pins  for  proper  alignment  should  be  used  for  heavy 
sheet.  Lack  of  stiffness  in  the  tooling  can  con¬ 
tribute  to  die  failure  and  to  edge  cracking  of  the 
blanks.  The  cutting  edges  must  be  kept  sharp. 
Punching  test  for  0.  25-inch  diameter  holes  in 
annealed  Ti-6A1-4V  in  thicknesses  from  0.  040  to 
0.  140  inch  indicated  that  holes  could  be  produced 
with  a  diameter  tolerance  of  ±0.  002  inch  and  a 
surface  roughness  of  less  than  50  RHR  without 
delamination.  Flat-point  punches  with  0.  001-inch 
die  clearance  gave  the  best  quality  holes.  ^ 


3-  11.  3.  3  Band  Sawing 


Band  sawing  prevents  edge  cracking  in  titanium 
sheet  but  results  in  larger  burrs.  The  process  is 
generally  used  for  material  of  0.  125-inch  gage  or 
greater. 


High-quality  machine  tools  of  ample  horse¬ 
power  and  rigidity  give  the  best  results  when  sawing 
titanium.  The  equipment  should  include  automatic 
positive  feeding,  band  tensioning,  and  a  positive- 
flow  coolant  system.  Only  sharp,  high-speed  steel 
saw  bands  of  appropriate  pitch  and  width  for  the  work- 
piece  should  be  used.  Consult  the  saw  manufacturer 
for  the  proper  blades  and  speeds  for  sawing  titanium. 

3-11.3.4  Slitting 

Slitting  is  a  suitable  process  for  preparing 
long, nar~ow,  thin  blanks.  It  may  be  used  for  circle 
cutting  as  well  as  for  irregular  blank  shapes  provided 
the  contour  changes  are  not  too  sharp.  The  cut  edge 
is  generally  smooth  and  free  of  shear  cracks.  H) 


Several  types  of  equipment  have  been  used 
successfully  for  slitting  titanium.  The  conventional 
slitting  equipment  has  shown  promise  as  has  the 
draw  bench-type  of  equipment. 

3-11.3.5  Nibbling 

Nibbling  can  be  used  for  producing  irregular- 
shaped  blanks.  Short  tool  life  and  high  maintenance 


costs  are  accepted  as  penalties  for  the  convenience 
of  producing  a  few  pieces.  The  resulting  cut  edge 
is  not  smooth  enough  for  moat  forming  operations 
and  should  be  conditioned  by  filing  or  belt  grinding. 
The  as-nibbled  edge  profile  should  not  exceed  the 
dimensions  shown  in  Figure  3-11,3.5-1. 


FIGURE  3-11.3.5-1.  MAXIMUM  PROFILE  DI¬ 
MENSIONS  OF  A  NIBBLED  EDGE 


3-  11.  3.  6  Edge  Conditioning 


Regardless  of  the  cutting  method,  ail  blanks 
should  be  deburred.  The  edges  of  shrink  and  stretch 
flanges  of  titanium  details  must  be  polished  prior 
to  forming.  The  scratches  resulting  from  the  debur- 
ring  or  polishing  operation  should  be  parallel  to  the 
surface  of  the  material.  Cracks  in  the  edge  of  shear¬ 
ed  blanks  are  undesirable  but  may  be  acceptable  if 
these  are  in  an  area  that  can  be  removed  by  trimming 
after  forming.  (1) 


Sharp  edges  should  be  removed,  and  chamferred 
edges  should  be  avoided.  Scratches  resulting  from 
grinding  or  filing  operations  should  be  parallel  and  not 
across  the  edges  of  the  blanks. 

The  edges  of  blanked  holes  and  cutouts  should 
be  deburred  on  both  sides.  Polishing  is  generally 
required  on  blanks  whose  edges  are  to  be  stretched 
in  subsequent  forming  operations.  Draw  filing  and 
belt  grinding  are  recommended  for  preparing  edges 
of  blanks  up  to  0.040  inch  thick. 


3-11.3.7  Sheet  Layout  Information 


Layouts  should  be  made  in  a  manner  that  will 
use  mill  size  sheets  in  the  most  practical  and  eco¬ 
nomical  manner.  The  blanks  should  be  marked  with 
noncontaminating  inks  and  pencils.  Scribes  or  vi¬ 
brating  tools  which  damage  the  surface  are  un¬ 
acceptable.  The  cutting  sequence  should  be  arranged 
so  that  the  maximum  number  of  parts  can  be  cut 
from  each  sheet.  The  amount  of  work  required  for 
cutting  irregularly  shaped  blanks  can  often  be  reduced 
by  first  shearing  on  a  gross  scale  to  obtain  smaller 
sheets  and  then  cutting  the  details.  Although  this 
method  is  generally  wasteful  of  material  it  saves 
production  time. 

Sufficient  material  should  be  left  on  blanks 
to  permit  removal  cf  shear  cracks  and  other  stress 
raieers  that  might  be  present  after  blanking.  Materi¬ 
al  up  to  0.070  inch  thick  should  have  sufficient 
material  allowance  so  that  any  evidence  of  surface 
defects  can  be  removed.  For  heavier  gages,  it  is 
common  practice  to  allow  an  amount  of  edge  material 
equal  to  the  sheet  thickness. 


o 


3-11.3,8  Surface  Preparation 
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Scratches  on  the  surface  of  a  blank  to  be 
formed  are  detrimental  to  the  formability  of  the 
part.  Consequently,  all  necessary  steps  should  be 
taken  during  blank  preparation  to  reduce  the 
possibility  of  scratches.  All  scratches  both  xrom 
processing  and  mill  grinding  which  are  coarser  than 
the  finish  produced  by  emery  grit  No.  180  should  be 
removed  by  surface  sanding.  This  is  normally  a 
hand  operation  that  can  be  very  time  consun  ing. 

Oil,  grease,  and  other  soluble  matter  should  be 
removed  before  hot  forming  operations  by  using 
methyl  ethyl  ketone  (M.E.K. )  as  a  solvent  on  a 
wiping  cloth.  Some  manufacturers  resort  to  an 
acid  etch  to  remove  light  scratches  from  the 
surface.  Prior  cleaning  and  degreasing  is  necessary 
to  remove  mill  stenciling  and  other  contaminants 
before  etching.  Uneven  etching  will  result  if  this 
precaution  is  not  taken. 

When  titanium  is  to  be  heated  in  air  for  a  long 
period  of  time,  scale-inhibiting  coatings  are  some¬ 
times  used  to  minimize  surface  contamination.  Re¬ 
moval  of  this  protective  coating  after  the  material 
has  cooled  to  room  temperature  is  necessary  before 
the  part  is  ready  for  assembly. 


o 
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3-12  Blank  Heating  Methods 
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3-12.0  INTRODUCTION 

Titanium  parts  may  be  formed  at  room  temper¬ 
ature  or  at  elevated  temperature.  The  choice  be¬ 
tween  hot  and  cold  forming  techniques  is  based  on 
the  ability  to  make  a  part  to  the  desired  dimensions 
and  mechanical  properties.  Most  parts  will  require 
some  thermal  treatment  during  processing  regard¬ 
less  of  the  forming  technique  used,  so  that  heating 
methods  are  very  important. 

The  time  necessary  to  complete  the  hot- 
forming  steps  may  limit  the  temperature  used.  At 
higher  temperatures,  the  material  properties  will 
be  degraded  in  shorter  times.  If  a  number  of  form¬ 
ing  steps  are  required,  it  may  be  necessary  to  form 
at  a  lower  temperature  than  that  associated  with 
maximum  formability. 

Temperatures  can  be  determined  with 
thermocouples  embedded  in  the  tools  or  with 
contact  pyrometers.  Temperature- sensitive 
crayons  or  paint  should  be  used,  but  only  on  sur¬ 
faces  to  be  trimmed  away,  never  on  the  part  sur¬ 
faces.  Some  companies  prohibit  the  use  of  this 
type  temperature  indicator  because  of  control 
difficulties. 

Depending  principally  on  severity,  most  hot- 
forming  operations  on  titanium  and  its  alloys  fall 
within  the  temperature  ranges  of  400  to  600  F  or 
900  to  1000  F.  Higher  temperatures  up  to  1475 
F  may  be  required  for  the  stronger  alloys  like 
Ti-8A1- IMo- IV.  Typical  temperature  for  forming 
some  titanium  alloys  by  various  processes  are 
given  in  Table  3- 12.  0-1. 

When  titanium  parts  are  formed  at  room 
temperature,  a  drop  in  compressive  yield  strength 
can  be  expected  from  the  Bauschinger  effect.  As 
an  example,  it  was  found  that  as  little  as  2  percent 
plastic  tensile  strain  results  in  a  40  percent  loss 
in  compression  yield  strength  in  annealed  Ti-6A1- 
4V.  (1)  Almost  complete  recovery  is  obtained  by 
thermal  stress  relief. 

3-12.1  Heating  of  Blanks  for  Forming 

3-12.  1.0  Introduction 

Blanks  for  forming  may  be  heated  by  a  variety 
of  methods.  Torch  heating  usually  is  not  permitted, 
since  local  overheating  and  subsequent  embrittlement 
of  titanium  can  occur. 

3-12.1.1  Furnace  Heating 

Portable  electric  furnaces  with  air  atmos¬ 
pheres  are  often  suitable  for  heating  titanium 
blanks.  Gas-heated  furnaces  are  acceptable, 
provided  the  flame  does  not  impinge  on  the  part. 


Heating  times,  however,  are  usually  longer  for 
comparable  blanks  than  those  necessary  for 
contact- heating,  electrical- resistance-heating, 
or  radiant- heating  methods. 

The  transfer  of  large,  heated  blanks  from 
furnaces  can  be  awkward.  Asbestos  blankets  are 
sometimes  used  to  prevent  undue  heat  loss  during 
transfer  from  the  furhace  to  the  press.  Chilling 
during  transfer  and  contact  with  the  dies  normally 
makes  furnace  heating  of  thin-gage  materials  im¬ 
practical.  ! 

The  furnaces  should  be  clean  and  completely 
free  of  contaminants.  The  hearth  and  refractories 
should  be  free  of  iron  scale.  A  furnace  previously 
used  with  an  atmosphere  other  than  air  or  inert  gases 
should  be  purged  for  4  hours  before  being  used  for 
titanium  heating.  This  may  be  done  by  slightly 
opening  the  door  of  the  furnace  after  it  has  been 
heated  to  the  operating  temperature. 

Furnaces  should  be  located  adjacent  to  the 
forming  equipment  to  minimize  transfer  time.  The 
practice  of  heating  to  a  higher  temperature  to  com¬ 
pensate  for  the  drop  in  temperature  during  transfer 
should  be  avoided.  One  piece  should  be  heated  at  a 
time  unless  a  fast  forming  cycle  permits  heating 
of  several  parts  in  a  rotational  inject  and  extract 
cycle.  Each  part  should  be  formed  as  soon  as  it 
comes  to  temperature.  Parts  heated  in  air  in  the 
temperature  range  of  1100  to  1500  F  may  be  sur¬ 
face  coated  to  minimize  oxidation. 

Time  at  temperature  should  be  held  to  an 
absolute  minimum,  consistent  with  complete  pene¬ 
tration  of  heat  into  the  blank.  Titanium  sheet 
heated  in  air  above  1000  F  should  not  accumulate 
excessive  time  at  temperature.  All  heating  and 
intermediate  stre&s  relief  for  multistage  forming  , 
creep  forming,  or  final  stress  relief  must  be 
considered  part  of  the  cumulative  time.  This  was 
explained  in  Section  1. 

The  tempereture  control  of  the  furnace  should 
be  by  automatic  recording  pyrometers  or  potentio¬ 
meters.  The  furnace  should  maintain  a  tempera¬ 
ture  within  25  F  of  the  intended  temperature. 

3-12.1.2  Resistance  Heating 

The  relatively  high  electrical  resistivity 
of  titanium  makes  it  suitable  for  internal- resistance 
heating.  However,  overheating  of  irregular  sec¬ 
tions  and  curved  blanks  is  troublesome,  and  the 
transformer  effect  of  adjacent  steel  tools  can  be¬ 
come  a  problem.  Nevertheless,  resistance  heating 
has  been  successfully  used  for  brake  forming, 
drop-hammer  forming,  and  matched-die  forming. 
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D  •  spin 

G  “hydrofocm 

}  «  tbect  or  form 

B  ■  hydropret* 

t  a  draw 

H  « finish  die 

C  “  brake 

F  *  matched  die 

1  »  creep  farm 
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The  temperature  loss  by  a  resistance-heated 
blank ,  before  forming,  is  usually  less  than  that 
experienced  with  portable  furnace  facilities.  Blanks 
supported  between  dies  during  the  heating  period  can 
be  formed  within  seconds  after  the  power  is  shut  off. 
Consequently,  it  is  relatively  easy  to  control  the 
forming  temperature. 

3-12.1.2,1  Clamping  of  Electrodes 

Electrodes  must  be  clamped  securely  and 
uniformly  to  the  blank.  Contacts  should  cover 
100  percent  of  the  ends  of  each  blank  for  uniform 
distribution  of  current.  Remotely  operated  clamps 
and  automatic  temperature  controls  are  desirable 
for  efficient  heating.  Safety  usually  requires  the 
current  to  be  cut  off  just  before  forming,  although 
parts  have  been  made  with  the  current  on. 

3-12.1.2.2  Sources  of  Electrical  Energy 

A  portable  440-volt,  75-kva,  progressive 
spot- welding- type  stepdown  transformer  is  the 
minimum  sire  that  can  supply  appropriate  amounts 
of  electrical  energy  to  heat  small  blanks.  *■  Ad¬ 
justable  taps  on  the  primary  side  provide  secondary 
voltages  from  2.  5  to  35  volts  and  secondary  currents 
from  400  to  several  thousand  amperes.  The  sire  of 
the  lead  wires  from  transformer  to  electrodes  is 
critical.  Two  750, 000- circular- mil  wires  have  been 
used,  and  will  carry  approximately  1100  amps. 


A  600-ampere  d-c  motor-generator  set  oper¬ 
ating  from  a  60-ampere,  440-volt,  3-phase  line  also 
can  be  used  to  heat  some  of  the  smaller  parts  if  other 
equipment  is  not  available. 

3-12.  1.2.3  Power  Requirements 

The  electrical  power  required  to  heat  a  titanium 
blank  is  a  function  of  temperature,  time,  mass,  sur¬ 
face  area,  and  ambient  temperature  condition.  Power 
requirement  tables  can  be  prepared  based  on  these 
variables. 

3-12.1.3  Radiant  Heating 

Infrared  heat  sources  {like  T-3  quartz  lamps) 
are  used  to  heat  blanks  for  hot- skin  stretch  forming 
of  titanium.  This  technique  is  simple  to  use  where 
one  side  of  the  blank  is  exposed  to  absorb  radiation 
while  being  formed.  It  is  difficult  to  control,  however 
when  all  parts  of  the  blank  are  not  the  same  distance 
from  the  heat  source. 

3-12.1.4  Hot-Die  Heating 

Hot-die  heating  of  the  blanks  has  advantages 
for  simple  operations  suet  as  brake  forming.  The 
tolling  is  placed  in  contact  with  the  blank  and  held 
in  that  position  until  the  blank  is  at  the  desired 
forming  temperature.  The  forming  force  is  then 
applied,  and  the  part  is  formed. 


*  100  square  inches  or  less 
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Since  this  method  heats  only  the  part  of  the 
blank  that  is  to  be  formed,  it  simplifies  handling. 
The  method  can  only  be  used  for  parts  with  simple 
contours  where  the  area,  of  the  blank  to  be  h'.ated 
has  good  contact  with  the  ts.,1  before  forming. 

3-12.2  DIE-HEATING  METHODS 

3-12.2.0  Introduction 

It  is  desirable  to  use  heated  dies  for  forming 
titanium  at  temperature  above  1000  F.  For  slow 
deformation  processes,  tools  and  platens  are 
usually  heated  by  electricity.  Open  flames  cause 
poor  working  conditions  and  create  problems  in 
controlling  temperatures. 

Titanium  cools  rapidly  when  separated  from 
its  heat  source  and  when  th?  hot  part  is  in  contact 
with  a  tool  which  is  at  a  lower  temperature.  There¬ 
fore,  when  it  becomes  necessary  to  form  a  part 
at  high  temperature  (above  1000  F),  it  is  desirable 
that  the  tool  be  at  or  near  the  same  temperature 
as  the  part.  For  slow-forming  processes,  this 
means  integrally  heated  or  platen-heated  tools 
operated  at  the  forming  temperature  of  the  alloy 
being  formed. 

Die  temperatures  of  400  to  1500  F  have  been 
used  when  hot  forming  titanium.  Temperatures 
depend  on  the  titanium  alloy,  the  shape  of  the  part 
and  the  method  of  forming.  Dies  and  platens  are 
usually  heated  with  electricity  because  of  its 
flexibility,  ease  of  control,  and  cleanliness. 
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FIGURE  3-12.2.  1-1. 


HEATING  ARRANGEMENT 
FOR  MATCHED  DIES'1' 


When  the  tool  has  a  single  heat  control, 
temperature  control  is  restricted  to  one  thermo¬ 
couple  for  indicating  and  recording.  An  excess 
temperature  cutout  actuated  by  a  second  thermo¬ 
couple  may  be  used  to  prevent  overheating  of  the 
heater  elements. 


The  primary  temperature-control  thermo¬ 
couple  should  be  located  in  contact  with  or  within 
1/8-inch  distance  of  one  of  the  elements. 


3-12.2.1  Electrical  Die  Heating 

Resistance-heated  insulated  dies  that  can  be 
used  on  conventional  equipment  are  the  best 
approach  to  hot  forming  small  detail  parts.  Figure 
3-12.2.  1-1  shows  a  typical  die  setup. 

Large  contoured  skins  can  be  formed  on  tools 
of  cast  ceramic  material  with  resistance-heating 
wires  <fmbedded  in  the  forming  area. 

Cartridge- type  heaters  are  generally  selected 
if  tool  dimensions  are  appropriate  for  the  length  of 
available  elements.  High- temperature- alloy 
sheaths  should  be  specified  for  all  high- temperature 
applications. 

Strip  heaters  are  also  used  by  some  companies. 

No  specific  data  on  optimum  spacing  of  heating 
elements  are  available.  It  is  current  practice  to 
analyze  each  design  to  obtain  uniform  temperature 
over  the  working  surface  and  a  minimum  of  dis¬ 
tortion  throughout  the  tool.  Higher  density  of  cart¬ 
ridges  is  necessary  around  the  perimeter  of  the 
tool  to  compensate  for  increased  heat  loss  in  this 
region. 


The  heating  elements  should  be  in  contact 
with  the  die  material  at  elevated  temperature  s  to 
prevent  overheating  of  elements.  The  elements 
should  be  mounted  in  machined  grooves  or  holes 
drilled  and  reamed  to  the  clearances  specified  by 
the  manufacturer.  However,  slots  may  be  more 
practical  to  fabricate.  See  cartridge- type  heater 
manufacturers'  recommendations  for  installation. 
Generous  wiring  space  should  be  provided  for  ex¬ 
pansion  and  contraction  of  the  elements  and  to 
prevent  chafing  of  the  wires. 

3-12.3  SELECTED  REFERENCES  ON  BLANK 
HEATING  METHODS 

(1)  Personal  Communications,  North  American 
Aviation,  Northrop- Norair,  Douglas  Aircraft 
Company,  Lockheed  Aircraft  Corporation, 
Murdock  Incorporated,  Basic  Industries  In¬ 
corporated,  and  Harvey  Aluminum  Company, 
(December  2,  1964). 

(2)  Gerds,  A.  F.  ,  Strohccker,  D.  E.  ,  Byrer, 

T.  G.  ,  and  Boulger,  F.  W  ,  "Deformation 
Processing  of  Titanium  and  Titanium  Alloys", 
NASA  Technical  Memorandum  NASA  TM  X-53438 
(April  18,  1966),  Battelle  Memorial  Institute, 
Contract  No.  DA- C1-02I-AMC- 11651  (Z). 
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3-13.0  INTRODUCTION 


Lubri<  ants  perform  three  main  functions  in 
titanium  forming  operations:  (1!  They  minimize 
the  energy  of  pressure  required  to  overcome  frictior 
between  the  blank  and  the  tooling,  (2)  they  reduce 
•he  possibility  of  galling  or  seizing  between  the 
blank  and  the  tooling,  and  (3)  in  hotworking,  they 
control  the  rate  of  heat  transfer  between  the  hot 
blank  and  tooling.  In  general,  ;ricticn  is  undesir- 
ab.  -  in  r  ,etal- forming  operations.  Friction  often 
increases  tool  forces  and  accentuates  the  difficulty 
oi  securing  uniform  movement  of  the  material  over 
the  tooling.  However  in  some  operations,  such  as 
stretch  forming,  friction  is  necessary  between  the 
grips  and  the  blank. 

3-  13.  1  TYPES  OF  FORMING  LUBRICANTS 


Organic,  nonchloi  .nated  oils  may  be  used  in 
cold-forming  operations.  At  elevated  temperatures, 
boundary-type  lubrication  seems  to  be  best.  Conse¬ 
quently,  it  is  common  practice  to  add  solids,  such 
as  graphite  or  molybdenum  disulfu'.e,  to  oils  used 
for  hot  forming.  Some  of  the  various  lubricants 
that  have  been  used  successfully  for  forming  ti¬ 
tanium  alloys  are  listed  in  Table  3-13.  1-1. 

TABLE  3-13.  1-1.  FORMING  LUBRICANTS*2  ’  3 ,4  * 


Forming 
Forming  Temper- 
Operation  a;u-.-e  Lubricants  Used 


Stretch  forming 

Cold 

skins 

Stretch  forming 

Hot 

Cold 

sections 

Stretch  forming 

Hot 

extrusion 

Brake  forming 

Cold 

Contour  roll- 

Cold 

ing  sections 

Roll  forming 

Cold 

Hot  sizing 

Hot 

Hot 

Draw  forming 

Hot 

(matched  dies) 

Hammer  form- 

Hot 

ing 

Hydropress 

Hot 

forming 


Grease-od  combinations*3) 
Wax-type  lubricant(b) 
Colloidal  graphite*0) 
Wax-type  lubricant**3)  plus 
flake  graphite(  10:  l  by 
•olume) 

Molybdenum  disulfide***) 
Colloidal  graphite**5) 
Colloidal  graphite*0) 

Heavy  oil**) 

Heavy  oil*^) 

Colloidal  graphite*e) 
Colloidal  graphite**5) 
Colloidal  graphite*e)  P*u$ 
alcohol  -  xylene 
Colloidal  graphite**5  ’ e* 

id 

Colloidal  graphite' 


3-13.2  SELECTED  REFERENCES  FCR  FORMING 
LUBRICANTS 


(1)  Adams,  D.  S.  and  Cattrell,  W.  M.  ,  "Develop¬ 
ment  of  Manufacturing  Techniques  and  Processes 
for  Titanium  Alloys",  AMC-TR  No.  58-7-539, 
Ryan  Aerorautical  Company,  San  Diego,  Cali¬ 
fornia,  Contract  AF  33(600)-31606  (July,  1958). 

(2)  Langlois,  A.  P.  ,  Murphy,  J.  F.  ,  and  Green, 

E.  E.  ,  "Titanium  Development  Program, 

Volume  III",  General  Dynamics/Convair,  San 
Diego,  California,  Report  ASD  TR  61-7-576, 
Finil  Technical  Engineering  Report  for  USAF, 
Contract  AF  33(600)- 34876  (May,  1961). 

(3)  Per sc—al  Communications ,  North  American 
Aviation,  Northrop- Norair,  Douglas  Aircraft 
Company,  Lockheed  Aircraft  Corporation, 
Murdock  Incorporated,  Basic  Industries  In¬ 
corporated,  and  Harvey  Aluminum  Company 
(December  2,  1964). 

(4)  Personal  Communications,  Boeing  Airplane 
Company  (October  31,  1964). 


(a)  Like  Staypul  Lubricant  37S 

(b)  Like  Johnson’s  Wax  No.  150. 

(c)  Like  Dag  41. 

(d)  Like  Molykote 

le)  Like  Ererlube  T-50  Formkote 
if*  Like  SAE  60  oil 
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3-14.0  INTRODUCTION 

The  choice  of  tooling  material*  depends  on 
the  forming  operation,  the  forming  temperature, 
and  the  number  of  parts  to  be  produced. 

3-14.  1  TOOL  MATERIALS  FOR  COLD  FORM- 


Cold- forming  operations,  which  stress  the 
tooling  in  compression,  can  be  conducted  with  tools 
made  from  epoxy-faced  aluminum-  or  zinc-base 
alloys.  The  latter  can  be  cast  close  to  the  desired 
dimensions  and  are  easy  and  cheap  to  machine. 
Ceramic  materials,  cast  iron,  die  steels,  nickel- 
base  alloys  or  stainless  steels  have  been  used 
successfully  for  hot-forming  tools.  Because 
machining  is  expensive,  the  cost  of  tool  materials 
is  usually  a  small  part  of  tooling  cost. 

3-14.2  Tool  Materials  for  Hot  Forming 

The  ability  of  tooling  to  withstand  wear  and 
distortion  at  the  forming  temperature  controls  the 
number  of  parts  that  can  be  made  on  a  set  of  dies. 
Good  tooling  is  expensive.  It  is  only  justified  when 
close  tolerances  or  large  production  quantities  are 
required.  Frequently,  design  changes  necessitate 
reworking  or  constructing  new  tooling.  The  selec¬ 
tion  of  tooling  materials  is  often  a  compromise 
based  on  expectations  of  tool  performance  and  the 
number  of  parts  to  be  produced  before  a  design  is 
changed.  Sometimes  it  is  more  economical  to  use 
tooling  that  is  cheaper  to  scrap  and  replace. 

Table  3-14.2-1  lists  some  tool  materials 
which  have  been  considered  satisfactory  in  various 
forming  operations.  It  should  be  considered  as  3 
guide  rather  than  as  a  recommendation.  Boeing 
has  recently  contracted  with  Illinois  Institute  of 
Technology  to  determine  the  optimum  alloys  for 
tooling  for  the  forming  of  titanium.  ^ 

3-14.3  SELECTED  REFERENCES  ON  TOOLING 
MATERIALS 

(1)  Myers,  D.  E.  ,  "DOD  High  Stiength  Titanium 
Alloy  Sheet  Research  Program",  North  Ameri¬ 
can  Aviation,  Incorporated,  Columbus,  Ohio, 
BuWeps  Contract  NOas  57-785d  Final  Report 
(1963). 

(2)  Langloia,  A.  P.  ,  Murphy,  J.  F.  ,  and  Green, 
E.  E.  ,  "Titanium  Development  Program, 
Volume  ill",  General  Dynamics, 'Convair,  San 
Diego,  California,  Report  ASD  TR  61-7-576, 
Final  Technical  Engineering  Report,  Contract 
AF  3 }(600)- 34876  (May,  1961). 


TABLE  3-1 


ECTION  OF  TOOL  MATERI- 


Forming 

Operation 


Type 

Forming 


Sketch  forming  Cold 
skins 

Hot 

Stretch  forming  Cold 
sections 


Stretch  forming 
extrusions 


Brake  forming 


Contour  roll¬ 
ing  sections 
Ycder  roll  form¬ 
ing 


Hot  sizing 


Draw  forming 

Hammer  form¬ 
ing 


Hydropress 
forr  .ing 


; _ Tool  Material _ 

Cast  aluminum  with  epoxy 
face 

Cast  ceramic  (Glasrock) 
Kirksite  form  block 
Ampco  Bronze  No,  21  wiper 
die 

H-ll,  H- 15  tool  steel 
High- silicon  cast  iron 
Mild  .'.eel 

AISI  4130  steel 

AISI  4130  steel 

Type  310  stainless  steel 

AISI  4340  steel  (36-40  Rc) 

H-ll,  H-13  tool  steel 

Incoloy  802 

02  tool  steel 

02  tool  steel 

H-ll  tool  steel 
H-13  tool  steel 
Mild  steel 

High- silicon  cast  iron 
High- silicon  nodular  cast 
iron 

H-13  tool  steel 

Type  310  stainless  steel 

RA  330  stainless  3teel 

Inconel  X 

Hastelloy  X 

Incoloy  802 

High- silicon  cast  ’ron 

Incoloy  802 

Kirksite  dies  with  stain¬ 
less  steel  caps 
Lead  punches  with  stain¬ 
less  steel  caps 
High- silicon  ca3t  iron 
RA  330  stainless  steel 
Inconel  X 
Incoloy  802 

fame  as  in  hammer  forming 


(3)  Dohnal,  F.  and  Cook,  C.  R.  ,  "Deep  Drawing 
of  Titanium  Alloy  Hojmet  Shell-6A1-4V", 
Thompson  Ramo  Wooldridge,  Incorporated, 
Cleveland,  Ohio,  Final  Report,  USA  Contract 
DA-  19-  129-QM-  1430  (May  12,  1960). 
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f4)  Plattner,  C.  M.  ,  "Boeing  Pushes  Titanium 
Airframe  Effort",  Aviation  Week  and  Space 
technology,  85  (26),  pp  38-42,  (December 
26,  1966). 

(5)  r  u1  jonal  Communications,  Boeing  Airplane 
Company  (October  31,  1964). 

(6'  Gerds,  A.  F.  ,  Strohecker,  D.  E.  ,  Byrer, 

T.  G.  ,  Boulger,  F.  W.  ,  "Deformation  Pro¬ 
cessing  of  Titanium  and  Titanium  Alloys", 
NASA  Technical  Memorandum  NASA  TMX- 
53438,  Battelle  Memorial  Institute,  Columbus, 
Ohio,  Contract  No.  DA-01-021-AMC-11651(Z), 
(April  18,  1966). 


(?)  Metals  Handbook,  8th  Edition,  Volume  I, 

American  Society  for  Metals,  Cleveland,  Ohio 
(1961) 

(8)  Preliminary  information  reported  by  Grumman 
Aircraft  Engineering  Corporation,  Bethpage, 
New  York,  on  Contract  AF  33(615)-5083. 

(9)  "Evaluation  of  New  Titanium  Sheet  Alloys  for 
Use  in  Airframe  Construction  on  Volume  V", 
North  American  Aviation ,  Incorporated,  Los 
Angeles,  California,  AMC  TR  60-7-561,  Final 
Technical  Engineering  Report,  Cont-act  AF 
33(600)-33597,  (December  30,  I960,. 


3-15  Brake  Forming 
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3-15.0  INTRODUCTION 

Titanium  and  titanium  alloys  behave  in  brake 
forming  like  work-hardened  stainless  steels,  except 
that  the  3pringback  is  considerably  greater.  The 
springback  allowance  is  normally  ibout  15°  for 
cold  forming.  If  the  bend  radii  are  sufficiently 
large,  no  unusual  problems  are  encountered.  When 
small  bend  radii  cause  cracking,  it  is  necessary  to 
use  elevated-temperature  forming  procedures. 

Dwell  times  range  around  30  seconds  after  the  part 
is  formed  in  heated  dies. 


A  protective  coating  should  be  applied  to  the 
surface  of  steel  tooling  used  for  hot  forming  in  orde 
to  prevent  scaling  and  pitting.  A  satisfactory  coatin 
can  be  bu.'lt  up  by  spraying  a  thin  layer  of  Ni-Cr-B 
alloy  on  the  surface  of  a  grit-blasted  tool  and  fusing 
the  deposit  at  1875  F,  The  coating  is  then  polished 
to  the  desired  smoothness.  Stainless  steel  and 
high- temperature-alloy  tooling  have  shown  good 
results  in  other  hot-forming  processes  and  should 
be  considered  for  brake  forming. 


3ecai.se  titanium  sheet  is  anisotropic,  sec¬ 
tions  that  are  to  be  subsequently  stretch  formed 
should  be  bent  parallel  with  the  grain.  Since  maxi¬ 
mum  ductility  occurs  in  the  longitudinal  direction, 
this  practice  permits  more  deformation  during 
stretch  forming. 

3-15.1  EQUIPMENT  SETUP  AND  TOOLING 

Since  brake  forming  i3  a  rather  standard 
operation,  a  number  of  good-quality  tool  steel  dies 
are  usually  available.  The  punches  are  generally 
made  to  the  desired  bend  radii,  while  the  female 
die  might  be  a  "V"  die  or  a  channel  die.  The 
dimensions  of  a  "V"  that  has  Seen  found  to  give 
satisfactory  results  is  shown  in  Figure  3-  15.  1-  1. 
Sometimes,  to  aid  in  forming,  a  hard- rubber  in¬ 
sert  is  placed  in  the  channel  die.  This  helps  reduce 
the  possibility  of  scratching  the  surface  of  the 
formed  parts,  since  the-blank  is  only  in  contact 
with  the  punch  and  the  rubber.  The  surface  of  the 
punch  should  be  polished  and  free  of  nicks  where  it 
contacts  the  blank.  Zinc-alloy  difo  can  be  used 
for  oroducing  limited  quantities  of  brake-formed 
parts  if  the  surface  is  covered  so  that  the  titanium 
does  not  touch  the  soft  alloy.  Stainless  steel  cover 
sheets  are  satisfactory  for  this  purpose. 


Punches  can  be  heated  to  1200  F  by  the  use 
of  integral  cartridge  heaters  or  by  contact  with 
heated  copper  bacK  plates.  "Transite"  can  be  used 
to  insulate  the  tooling  from  the  platens  of  the  press 
brake.  (-*>4) 

3-15.2  BLANK  HEATING  PRIOR  TO  FORMING 


The  following  temperatures  have  been  re- 
ported(3.4)  to  be  satisfactory  for  brake  forming 
titanium  and  titanium  alloys: 


Titanium  Alloy 
Commercially  pure 
Ti-8Mr 
Ti-6A1-4V 
Ti-5Al-2.  5Sn 
Ti-8A1-  IMo-  IV 


Temperature,  F 


Blank 

Punch  a 

400-600 

500 

900-1100 

500 

1000-1200 

500 

1000-1300 

500 

1100-1200 

1150 

The  effect  of  temperature  on  brake  formability  of 
the  titanium  alloys  is  illustrated  in  Figure  3-15.2-1. 
The  use  of  integrally  heated  brake  punches  and  hot 
blanks  is  recommended  for  production  operations. 
Heating  blanks  by  contact  with  a  hot  punch  and  die 
is  slow.  To  heat  a  titanium  blank,  0.  060  thick,  to 
900  to  1000  F  with  a  die  set  heated  to  1200  F  re¬ 
quires  about  4  minutes. 

3-  15.  3  MINIMUM  BEND  RADII 

The  minimum  bend  radius  decreases  with 
increasing  temperature  for  all  titanium  alloys. 

Table  3-15.  3-1  shows  the  variation  in  minimum 
bend  radii  at  various  temperatures  for  the  longi- 
tuoinal  and  transverse  directions  of  bending.  The 
minimum  bend  radius  also  depends  on  the  angle 
through  which  the  bend  is  made,  but  normally  bends 
that  can  be  made  at  90  degrees  can  be  made  at  lar¬ 
ger  angles. 

3-15.4  SPRINGBACK  I.I  BRAKE  FORMING 


FIGURE  3-15.  1-1.  TYPICAL  DIE  SHAPE  FOR 

BRAKE  FORMING  TITANIUM  ALLOYS*1* 


The  springback  depends  on  the  ratio  of  bend 
radius  to  material  thickness  and  the  temperature 
of  forming.  For  most  titanium  alloys,  the  greater 
the  radius- to- thicknes s  ratio  and  the  lower  the 


40 


forming  temperature)  the  higher  the  springback 
angle.  Thia  is  ahown  for  Ti-6A1-4V  alloy  in 
Figure  3-15.4-1. 
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FIGURE  3-15.2-1.  OPTIMUM  FORMING- 

TEMPERATURE  CURVES  FOR  3RAKE 
FORMING*5' 
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FIGURE  3-15.4-1.  SPRINGBACK  OF  Ti-6A1-4V 
FOR  VARIOUS  BEND  RADIUS-TO- 
THICKNESS  RATIOS*6* 


TABLE  3-15. 3-1.  MINIMUM  -BEND  TEST  DATA  (7) 


Temp. 

I 

lead 

AxlrfO 

‘ 

l"""r  " 

' 

^  ==* 

Minimum  Bead  Radiui.  T 

1  " 

Tl-IMa 

(W 

110A) 

Tl-BMn 

(MST 

•Mn) 

Tl-BMn 

(C-110M) 

T1-5A1-2. 6So 
(A-110AT) 

Tl-dAl-dV 
(TMCA  Tl- 
dAl-dV) 

Tl-dAI-dV 

(MST 

SAl-dV) 

TI-3Ma-1.5Al 

US 

UDIX 

Tl-3.2SMn-2.2SAl 

KS 

110IX  (Mod.) 

Tl-2.2fe-2.1Ct-2Mo 
(TMCA  Tl-ldOA) 

70 

L* 

3-1/2 

3-1/2 

3 

7 

d-l/2 

d 

4 

4 

3 

T+ 

3-1/2 

3 

3 

« 

7 

6 

4 

2-1/2 

2-1/2 

400 

L 

2-1/2 

2-1/2 

2-1/2 

s 

3-1/2 

4 

3 

2-1/2 

T 

2-1/2 

2-1/2 

2-1/2 

d-l/2 

d-l/2 

3-1/2 

3 

2 

2 

400 

L 

2 

2-1/2 

2-1/2 

1 

3-1/2 

3-1/2 

3 

2 

2 

T 

2-1/2 

2-1/2 

2-1/2 

d-l/2 

5-1/2 

3 

2-1/2 

1-1/2 

2 

BOO 

L 

2 

2 

2 

5-1/S 

3 

3-1/2 

2-1/2 

1-1/2 

1-1/2 

T 

2-1/2 

2 

2 

4 

6 

2-1/2 

2 

1-1/2 

1-1/2 

1000 

l 

1-1/2 

1 

i-i/r 

6 

2-1/2 

3 

2 

1 

1-1/2 

T 

1-1/2 

1-1/2 

2 

3-1/2 

4 

2-1/2 

1-1/2 

1 

1 

1200 

L 

— 

.. 

3-1/2 

2 

2-1/2 

.. 

T 

— 

— 

3 

3 

2 

— 

MOO 

L 

— 

— 

2-1/2 

1-1/2 

1-1/2 

.. 

T 

— 

— 

2-1/2 

2 

1-1/2 

— 

1600 

l 

.. 

«• 

1-1/2 

1 

1 

— 

T 

•* 

— 

2 

1 

1 

— 

(•)  L  *  bond  uU  peipeadlcelet  to  tolling  direction. 
T  «  bond  ult  peulU.  to  toUlay  direction. 
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3-16  Stretch  Forming 
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3-16.0  INTRODUCTION 

Stretch  forming  la  used  to  produce  tingle- 
curved  contours  in  sections  and  sheet,  as  well  as 
certain  compound  curvatures  in  sheet. 

The  process  starts  by  inserting  an  extrusion 
or  brake-formed  part  of  a  sheet-metal  blank  in 
suitably  shaped  grips  of  the  stretch-forming  press. 
The  blank  is  securely  clamped  and  then  stretched 
in  the  forming  direction  to  produce  l  percent  ex¬ 
trusion  at  the  grips.  Forming  begins  when  the  form 
block  first  contacts  the  blank  and  then  deforms  the 
part  -  either  by  pushing  the  form  block  against  the 
part  or  by  wrapping  the  part  around  the  form  block. 
Figure  3-16.0-1  illustrates  the  process  for  sheet. 
Tooling  'or  stretch  forming  inboard  and  outboard 
angles  is  shown  in  Figure  3-16.0-2. 


Sheet  draped  over  die  at  beginning 
of  stretching  operation 


B 


Sheet  completely  formed  at  end 
of  stretching  operation 

End  Views  Side  Views 

FIGURE  3-16.0-1.  THE  STRETCH-FORMING  PRO- 
CESSf1* 

Percent  elongation  =  100(ABC  -AB'C)  /  (AB  C) 

Skins  are  cold  formed  whenever  possible  to 
avoid  the  high  cost  Of  heated  dies.  The  actual 
stretching  operation  requires  excellent  control  of 
process  variables  and  some  handwork  (tapping) 
by  the  operator. 

When  practical,  sections  to  be  contoured  by 
stretching  should  also  be  cold  formed  to  avoid  loss 
of  strength  and  excessive  cioss- sectional  dimen¬ 
sional  changes.  When  cold  forming  sections,  a 
close  control  of  hydraulic  pressure  and  a  slow 
wrapping  action  iJ  required:  about  0.75  to  1  degree 
per  minute. ^ 


o.  Inboard  V/rop 


b.  Outboord  Wrop 


FIGURE  3-16.0-2.  STRETCH 
SECTIONS)  TOOES(Z; 


-MACHINE  (ANGLE 


It  is  sometimes  preferable,  or  required 
(espocially  if  insufficient  forming  power  is  avail¬ 
able) ,  to  stretch  v/rap  at  elevated  temperatures. 
The  wrapping  action  must  be  done  at  slow  speeds 


to  prevent  local  overheating  or  necking  of  the  work 
piece  as  it  makes  progressive  contact  around  the 
forming  tool.  After  the  wrap  is  completed,  the 
stretching  force  may  be  reduced  to  a  lower  value 
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that  is  sufficient  to  maintain  contact  with  the  con¬ 
toured  hot-forming  block.  Contact  ahould  be  main¬ 
tained  for  about  15  minutes.  Blank*  may  be  heated 
by  progreaaive  contact  with  heated  tool*  or  can  be 
preheated  in  a  preforming  position  using  radiant 
heat.  Hot  dies  should  be  used  in  both  cases  through¬ 
out  forming. 

3-16.1  EQUIPMENT  SETUP  AND  TOOLING 

Stretch  presses  with  a  capacity  of  150  to  600 
tons  are  used  for  large  skins  or  heavy  sections. 
Small  sections  can  be  formed  on  simpler  equipment 
of  25  to  35  tons  capacity.  Tooling  can  be  character¬ 
ized  as  room  temperature  or  elevated  temperature 
and  ac  short  term  or  long  term.  In  general,  the 
tooling  used  for  stretch  forming  stainless  steel  can 
be  used  for  cold  forming  titanium  skins.  The  grips 
or  hardened  steel  jaws  of  the  press  should  have 
sharp,  clean  serrations,  in  good  mechanical  con¬ 
dition.  The  first  four  teeth  near  the  jaw  edges 
should  be  polished  or  ground  down  somewhat  to 
prevent  premature  tearing  of  sheet  blanks.  High 
unit  clamping  pressures  should  be  used  to  prevent 
slipping  and  tearing  of  sheet. 

For  short  runs  at  room  temperature,  tools 
can  be  made  from  asinc-baae  alloys  or  from  con¬ 
crete  faced  with  pla  stic.  Tooling  made  from  cast 
aluminum  faced  with  a  3/4-inch  layer  of  epoxy  resin 
is  suitable  for  larger  production  quantities.  Heavy 
titanium  sections  can  be  stretch  wrapped  at  room 
temperature  on  tools  made  from  low-alloy  steel 
such  as  A  4340. 

A  variety  of  materials  have  been  used  for 
stretch  forming  at  elevated  temperatures.  Cast 
ceramic  (Glasroc)  tooling  deserves  consideration 
for  forming  temperatures  above  1000  F.  At  lower 
temperatures,  high-silicon  cast  iron,  stainless 
steel,  A  4130  steel,  or  H- 1  1  tool  steel  are  satis¬ 
factory. 

3-16.2  MATERIAL  PREPARATION 

Sheets  are  sheared  to  site  with  excess  metal 
provided  to  accomodate  the  grips  and  transition  area 
between  the  grips  and  the  tool.  Sections  are  usually 
sawed  to  lengths  needed  for  forming.  In  most  cases, 
the  excess  metal  is  trimmed  off  after  forming. 

11  a  brake-formed  blank  is  to  be  stretch  wrap¬ 
ped,  it  is  sometimes  helpful  to  acid  etch  th'*  strip 
before  brake  forming.  A  solution  of  2  percent  HF 
and  25  to  40  percent  HNOj  can  be  used.  A  surface 
removal  of  0.002  inch  from  each  side  reduces  notch 
sensitivity.  The  bend  in  the  brake-formed  blanks 
should  be  stress  relieved  within  24  hours  after  they 
are  brake  formed  or  before  they  are  stretch  formed. 

3-16.3  BLANK  HEATING  MCOR  TO  FORMING 

Since  stretch  forming  is  a  relatively  slow  pro¬ 
cess  -taking  shout  5  muisteti.  :t  is  kopracucii  to 


preheat  the  blanks  and  transfer  them  to  the  machine. 
The  blanks  should  be  heated  on  the  tooling  and  the 
tooling  must  be  heated  during  the  atretch-forming 
operation.  The  tooling  can  be  integrally  heated 
with  cartridge-type  units.  For  the  T1-8A1- lMo- IV 
alloy,  tooling  temperatures  should  be  maintained  at 
1000  to  1200  F.  The  blanks  mutt  be  heated  to  about 
1350  F.  Resistance  her. ting  and  radiant  heating  have 
been  used  for  heating  the  blanks  in  stretch  forming. 
Radiant  heating  has  the  advantage  of  applying  the 
heat  continuously  during  the  forming,  while  resis¬ 
tance  heating  can  only  be  applied  while  the  blank 
is  disconnected  from  the  machine. 

3-16.4  STRETCH-FORMING  LIMITS 

The  formability  of  titanium  alloys  in  stretch 
forming  improves  with  increasing  temperature. 

The  formability  index  given  in  Figure  3-  16.  4-  1  for 
several  alloys  indicates  that  temperatures  above 
1000  F  are  required  before  significant  improvement 
is  obtained  in  stretch  formability. 

3-16.4.1  Formed  Sections  and  Extrusions  Inboard 

The  formability  limits  for  a  formed  section  or 
extrusion  to  be  stretch  formed  inboard,  as  shown 
in  Figure  3-16.4.  1-1,  depends  on  the  ductility  and 
buckling  limits  of  the  material. 


Section  Y-Y 


FIGURE  3-16.4.  1-1.  STRETCH  FORMED  SECTION 
(INBOARD)*3’-4’5' 

The  formability  index  for  splitting  limits 
depends  on  the  conventional  strain,*,  for  a  2.0-inch 
gsge  length.  The  formability  index  for  elastic  buck¬ 
ling  is  a  function  of  the  ratio  of  tensile  modulus  to 
tensile  yield  (ET/Sty). 

The  index  governing  the  optimum  forming 
temperature  wili  largely  depend  on  the  material 
thickness  (t).  For  small  values  of  (t) ,  the  ratio 
h/t  becomes  large,  thereby  placing  this  h/t  value 
in  the  elastic  buckling  region,  which  is  •  function 
of  {Eft  S{y).  For  Urge  values  of  (t),  the  conven¬ 
tional  strain  for  a  2.0- inch  gage  length  is  the 
formability  index  used  to  determine  the  optimum 
forming  temperature.  The  lirr..  curvei  fo.-  general 
titanium  alloys  stretch  formed  inboard  are  ibow. 
in  Figure  3-16.4.  1-2.  If  it  mrr  pra sible  t  ■*  fc nr. 
•-1-5  Ctssiom  alloy  at  2  QOS  F,  '  as  si-*- -  »v  .e  im- 
prerreevee**  in  ferrr-ahslrty  wode  be  posa.bl*  Thu 


Formability  Index 
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FIGURE  3-16.4-1  OPTIMUM  FORMING  TEMPERATURE  CURVES  FOR  DIMPLING,  LINEAR-STRETCH, 
SHEET-STRETCH,- AND  RUBBER-STRETCH  FLANGE  FORMING(3) 


limit  curves  for  stretch  forming  inboard  hat  sec¬ 
tions  is  given  in  Figure  3-16.4.  1-3. 

3-16.4.2  Formed  Outboard  Sections 


The  limit  curves  for  various  titanium  alloys 
in  stretch- formed  o  itboard  sections  are  given  in 
Figure  3-16.  4.  2-2. 


The  formability  limits  for  a  formed  section 
to  be  stretch  formed,  as  shown  in  Figure  3-  16.  4.  2-  1, 
depend  entirely  on  the  splitting  limits  or  the  con¬ 
ventional  strain. 


Stct  ioi>  1-1 


Brckt-form  radiut 

L 


3-16.4.3  STRETCH  FORMED  SHEET 

The  forming  limit  curve  for  double  contouring 
relatively  large  sheet  metiu  parts  is  shown  in 
Figure  3-16.4.  3-1.  The  parameters  that  determine 
the  curve  are  the  longitudinal  radius  (RL)>  trans¬ 
verse  radius  (R-p),  longitudinal  chord  length  (L), 
and  transverse  chord  length  (T). 

Recent  work  indicates  that  thin  titanium 
sheets  can  be  crsep  stretch  formed  to  close  tol¬ 
erances.  A  Haynes  25  form  die  heated  to  1200  F 
was  used  to  make  double  contour  skins  of  Ti-6A1- 
4V  and  Ti-SAl-  IMo-  IV  alloy.'6' 


FIGURE  3-  16.  4.  2- 1  STRETCH-FORMED  SECTION 
(OUTBOARD)  (3»4>5) 


5» 


FIGURE  3-16.4.  1-2.  COMPOSITE  LIMIT  CURVES  FOR  TITANIUM 

LINEAR-STRETCH  HEEL-IN  (INBOARD)  ANGLE  AND  CHAN¬ 
NEL  SECTIONS  AT  VARIOUS  TEMPERATURES^3' 


Port -Section  Height /Material  Thickness,  H/T 


FIGURE  3-16.  4.  1-3.  COMPOSITE  OF  OPTIM  i  TITANIUM  LINEAR- 

STRETCH  HEEL-IN  HAT-SECTION-LIMIT  CURVES  IN  THE  ROOM- 
TEMPERATURE  TO  2000  F  RANGE'3' 
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The  following  tabulation^  ’ ^  compares  data 
on  the  stretch  forming  'imits  for  different  titanium 
alloys  with  those  of  stainless  steel. 


Percent  Stretch  in  Stretch  Forminc 

- Sk,--W - - 

Cold  _  Scctions(c) 


Material 

Conditiotra'Si 

mple 

Compound 

Ho,<d> 

Cold 

Unalloyed 

titanium 

Annealed 

<c> 

(e> 

20 

20 

Ti-8Mn 

Annealed 

(e) 

(<-•) 

20 

15 

Ti-5A1- 
2.  5Sn 

Anneale'd 

(e) 

(e) 

20 

8 

T1-8AI- 
lMo-  IV 

Annealed 

<e) 

5(« 

(e> 

(e) 

T1-6A1-4V 

Annealed 

9 

4 

20 

6 

Type  J02 
stainless 
steel 

1  ^4- hard 

" 

" 

15-20 

(a)  For  titanium  alloys  only  the  annealed  condition 
should  be  considered  for  stretch  forming. 

(b)  For  titanium-alloy  skins  the  elongation  perpendicu¬ 
lar  to  the  stretching  direction,  should  not  exceed 
onc-half  the  stretch. 

(c)  Titanium-alloy  section  can  be  stretch  formed  using 
up  tc  60  percent  of  the  maximum  allowable  elonga¬ 
tion  of  the  material. 

(d)  Although  cold- stretch  forming  is  preferred,  hot 
forming  may  be  necessary  if  the  press  capacity 
is  insufficient. 

tc)  Data,  not  available. 

(f)  Limited  to  5  percent  stretch.  A  majority  of  the 
iST  skins  planned  for  stretch  forming  fall  within 
this  limit. 


3-16.5  STRETCH-FORMING  CONDITIONS 

A  apringback  allowance  is  usually  designed 
into  tooling  for  stretch  forming  at  room  temper¬ 
ature.  Nevertheless,  variation?  among  parts 
necessitate  hot  sizing  about  JO  percent  of  the  time. 
Tooling  lor  hot  stretch  forming  is  usually  made  to 
net  dimensions. 

The  available  stretch-forming  presses  can 
stretch  wrap  a  40  by  120-inch  sheet  of  Ti-8A1- 
lMo-  IV  alloy  0.  090  inch  thick.  Sections  and  ex¬ 
trusions  with  cross-sectional  areas  up  to  0.75 
square  inch  and  a  length  of  144  inches  can  be  formed, 

A  slow  and  steady  force  should  be  applied 
during  stretch  forming.  Sections  are  normally 
stretch  formed  at  the  rate  of  0.  75  to  1  degree  per 
minute. 

Various  lubricants  •»-•*?  been  used  for  stretch 
forming  titanium  skins.  At  r  jom  temperature, 
brushed-on,  extreme-pref  jure  grease-oil  lubricants, 
or  disulfide-type  lubricants  can  be  used.  Colloidal 
graphite  and  molybdenum  have  been  used  success¬ 
fully  on  titanium  sections  for  stretch  forming  at 
elevated  temperatures. 


3  16.6  POST  FORMING  OPERATIONS 

When  parts  are  stretch  formed  at  room  tem¬ 
perature,  hot  sizing  is  required  to  assure  dimen¬ 
sional  control.  This  step  may  also  be  required  ior 
hot- •'tretch- formed  parts  because  limitations  in  the 
time  .he  forming  equipment  can  be  tied  up  for  dwell 
at  temperature. 

Stress  relieving  is  required  on  all  titanium 
parts  that  are  stretch  formed  at  room  temperature 
and  that  ate  not  subsequently  hot  sized.  Check 
the  heat  treatment  recommendations  for  the  par¬ 
ticular  alloy  under  consideration. 

Parts  can  be  cleaned  by  Process  3  (see 
section  on  handling  and  cleaning)  after  hot  sizing 
or  stress  relieving.  They  are  then  trimmed  to 
net  size  and  deburred.  After  a  final  cleaning  with 
M.E.K.  ,  the  parts  are  separated  by  wrapping  paper 
or  plastic  sheets  and  placed  in  storage.  Most  com¬ 
panies  handle  the  titanium  parts  with  white  gloves 
after  forming  to  avoid  contamination  from  finger¬ 
prints  or  other  foreign  matter. 
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1966). 
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3-17.0  INTRODUCTION 

Deep  drawing  is  a  process  for  making  deep- 
recessed  parts  by  pulling  a  blank  over  a  drawing 
radius  into  a  die.  A  double-actiag  press  is  best 
adapted  to  the  process  because  it  permits  controlling 
of  hold-down  pressures  as  well  as  of  forming  pres¬ 
sures.  The  process  is  suitable  for  high  production 
rates  on  a  wide  range  of  part  sizes  which  arc  limited 
only  by  the  platen  area  of  the  press.  Both  mechani- 
ical  and  hydraulically  operated  presses  are  used  in 
deep  drawing.  The  process  has  the  disadvantage 
of  being  sensitive  to  tooling  design  and  setup  con¬ 
ditions.  The  correct  conditions  of  pressure  dis¬ 
tribution,  pait  lubrication,  surface  conditions, 
draw- ring  radii,  and  part  clearance  must  be  main¬ 
tained  within  very  close  limits  for  successful  pro¬ 
duction.  Variation  in  blank  thickness  ia  one  of  the 
most  troublesome  variables  in  the  forming  process. 

Deep  drawing  is  one  of  the  most  expensive 
forming  operations  because  of  the  high  cost  of 
tooling  and  precision  craftmanship  required  to  estab¬ 
lish  a  successful  draw:ng  operation.  When  elevated- 
temperature  drawing  is  to  be  performed,  the  tool¬ 
ing  problems  are  multiplied  because  of  thermal  dis¬ 
tortion  of  the  tooling.  The  process  is  ideally  suited 
for  forming  large  quantities  of  parts,  but  in  general 
the  tooling  cost  is  not  justifiable  for  making  less 
than  100  parts. 


is  used  with  the  tooling  to  permit  ease  of  assembly 
and  disassembly  after  exposure  to  the  elevated 
temperatures.  The  tooling  shown  in  Figure 
2-12.2.  1-1  is  for  a  single-acting  press  Evaluation 
o.  Hastelloy  X,  Incoloy  802,  and  Meehanite  HSV  for 
tt.-aw  tooling  is  under  way.  ' 
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Therefore,  the  use  of  this  process  for  the 
fabrication  of  air-frame,  components  has  not  ma¬ 
tured,  since  neither  the  quantity  nor  the  part  shape 
justifies  it.  Similar  shapes  can  be  obtained  by 
roll  forming  and  welding. 

3-17.1  EQUIPMENT  SETUP  AND  TOOLING 

A  typical  double-action,  deep-drawing  press 
is  shown  schematically  in  Figure  3-17.  1-1.  In 
operation,  the  blank  is  placed  between  the  die  draw 
ring  and  the  pressure  pad,  and  the  desired  hoid- 
down  pressure  is  applied.  This  pressure,  which 
should  be  sufficient  to  resist  buckling  of  the  blank, 
is  limited  by  the  tensile  strength  of  the  material  as 
it  is  pulled  over  the  die  radius.  Too  great  a  clear¬ 
ance  between  the  punch  and  the  die  will  permit  the 
part  to  wrinkle,  while  too  little  clearance  will  cause 
ironing,  increase  the  draw  pressure,  and  possibly 
result  in  tensile  failure  of  the  part. 

Since  most  titanium  alloys  have  better  drawing 
characteristics  at  slightly  elevated  temperatures 
than  they  have  at  room  temperature,  methods  of 
applying  heat  to  the  blank  during  forming  are  of 
interest.  A  typical  elevatod-temperature  setup 
was  shown  in  Figure  3-12.2.  1-1.  The  die  set  is 
insulated  from  the  platens  of  the  press  by  com¬ 
pressed  "maritdte".  Cartridge-type  heaters  are 
integral  with  the  die.  Stainless  steel  hardware 


FIGURE  3-17.  1-1.  DOUBLE-ACTION  DRAW  DIE 
3-17.2  MATERIAL  PREPARATION 

Titanium  sheet-metal  blanks  for  deep  drawing 
should  be  prepared  according  to  the  practices  and 
precautions  described  in  previous  sections, 

A  lubricant  should  be  applied  to  the  blank 
prior  to  forming.  Some  of  the  high-pressure, 
grease-oil-type  lubricants  can  be  used  at  room  tem¬ 
perature,  while  colloidal  graphite  in  an  oil  or  grease 
carrier  can  be  used  for  elevated- temperature  form¬ 
ing. 

Difficulties  with  buckling  in  the  forming  of 
thin  sheets  can  be  reduced  by  sandwiching  the  ti¬ 
tanium  between  sheets  of  stainless  steel  or  mild 
steel  dv,ring  forming.  ^ 

3-17.3  BLANK  HEATING  PRIOR  TO  FORMING 

The  blanks  may  be  heated  in  an  electric- 
resistance  furnace  placed  next  to  the  forming  press, 
or  by  direct  contact  with  heated  dies.  The  former 
is  a  faster  operation  and  works  well  with  heated 
dies.  The  selection  of  a  temperature  for  forming 
a  particular  alloy  should  be  based  on  data  indicat¬ 
ing  the  effect  of  temperature  on  mechanical  pro¬ 
perties  and  on  prior  experience.  Figure  3-17.3-1 
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shows  the  deep- drawing  formability  index  of  the  The  important  dimensions  are  the  cup  depth 

titanium  alloys.  Both  of  the  alloys  shown  should  H,  the  blank  diamoti  r  DQ,  and  the  inside  cup  dia  • 

be  drawn  in  the  temperature  range  of  1/00  to  1400  F.  meter  Djj.  The  material  thickness  and  the  dravv 

radius  are  also  important  parameters  but  do  not 


Temp«rotur«,  F 

FIGURE  3-17.3-1.  OPTIMUM  FORMING  TEMPERATURE  CURVES  FOR  DEEP 
DRAWING*4* 

enter  into  the  formability  limits  directly. 

The  formability  limit  curves  for  two  titanium 
alloys  at  three  different  temperatures  are  shown 
in  Figure  3-17.4-2.  For  both  alloys  considerable 
advantage  can  be  obtained  in  drawability  by  in¬ 
creasing  the  temperature  between  1200  and  1600 
F.  The  ratios  between  die  and  blank  diameter  and 
cup  depth  to  cup  diameter  are  given  in  Table 
3-17.4-1  for  titanium  alloys.  The  values  are  in¬ 
fluenced  by  the  ratio  of  cup  diameter  to  material 
thickness.  If  the  cup  diameter  increases  at  a 
constant  material  thickness,  the  blank  to  cup- 
diameter  ratio  decreases  and  the  height-of-cup  to 
cup-diarneter  ratio  also  decreases. 

3-17.5  DEEP-DRAWING  CONDITIONS 

Sheets  for  deep  drawing  should  be  of  uniform 
thickness  to  reduce  the  possibility  of  splitting  fail¬ 
ures.  The  presence  of  scale  or  dirt  on  the  tooling 
should  be  avoided  since  it  can  change  the  coefficient 
of  friction  between  the  blank  and  the  hold-down  ring. 
This  condition  would  cause  uneven  drawing  of  the 
blank  from  under  the  hold-down  ring  and  result 
in  a  scrapped  part. 


3-17.4  DEEP-DRAWING  FORMING  LIMITS 

The  forming  limit  for  deep  drawing  is  es¬ 
tablished  by  buckling  in  the  flange  area  and  by 
fracture  or  splitting  in  the  cup  wall  area.  The 
limits  have  been  found  to  be  related  to  the  ratio  of 
compressive  modulus  and  compressive  yield 
strength  for  buckling  and  the  tensile  yield  strength: 
compressive  yield  strength  ratio  for  splitting.  The 
geometric  relationships  in  deep  drawing  are  shown 
in  Figure  3-  17.  4-  1. 


FIGURE  3-17.4-1.  PART  SHAPE  AND  PARA¬ 
METERS*4*  5> 
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FIGURE  3-  17.  4-2.  ANALYTICAL  EXTENSION  OF 
DEEP- DRAW-LIMIT  CURVE  FOR  Ti-13V- 
1  lCr- 3A1  AND  Ti-8Al-lMo-lV(4’5> 

Since  most  deep-drawing  operations  involve 
considerable  stretch  and  shrink  of  the  material, 
elevated-temperature  operations  are  preferred  for 
titanium  alloys.  Tooling  materials  of  Type'347 
stainless  steel  or  high- silicon  Meehanite  with  in¬ 
tegral  heating  cartridges  can  be  used.  The  tooling 
is  made  to  net  dimensions  since  the  forming  takes 
place  at  elevated  temperatures.  Some  draft  in  the 
tooling  ass;sts  in  removal  of  the  formed  parts  from 
th-  tooling. 

The  tooling  and  the  blank  are  heated  to  1450  F 
for  forming  Ti-8A1- IMo- 1 V  alloy.  In  a  typical 
operation,  the  part  is  formed  at  a  slow  speed  of 
about  10  inches  per  minute  and  the  pressure  is 
held  on  the  part  for  about  5  minutes  after  forming. 
The  dwell  time  sizes  the  part  and  eliminates  spring- 
back.  (6) 
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TABLE  3-17.4-1.  DEEP  DRAWING  FLAT-BOTTOM  CYLINDRICAL  CUPS  WITH 
MECHANICAL  DIES  AT  ROOM  TEMPERATURE^*  5> 


Die  to  Biank  Diameter  Ratios  (Dg/Djj)  and  Cup-Depth 

_ Ratios  (H/Dp)  for  Various  Dn/T  Ratios _ 
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Ti-6A1-4V 
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Ti-  13V-  1  lCr-3Al 

DB/Dd 
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3-18  Trapped  Rubber  Forming 
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3-18.0  INTRODUCTION 

Hydropress  and  trapped  rubber  forming  are 
processes  that  utilize  a  contained  fluid  or  a  rubber 
mass  as  the-  female  die.  Since  only  a  male  die  is 
required,  the  lead  time  and  cost  of  tooling  is  re¬ 
duced.  The  male  tool  is  made  to  the  desired  con¬ 
tour  and  net  dimensions.  The  springback  is  gen¬ 
erally  removed  by  subsequent  hot  sizing.  The 
process  is  principally  used  for  flanging  an  1  for 
shallow,  recessed  parts  and  has  received  wide 
acceptance  in  the  airframe  industries.  One  press 
can  be  used  to  make  one  large  part  or  a  number 
of  smaller  parts  at  one  time.  It  can  be  used  to 
make  simple  or  complex  shapes,  including  flanged 
sections  with  straight  and  contoured  shapes  and 
beaded  panels. 

Some  of  the  limitations  of  the  process,  how¬ 
ever,  deter  its  use  on  titanium  alloys.  Insuffici¬ 
ent  pressure  limits  place  a  restriction  on  the  maxi¬ 
mum  gage  that  can  be  formed.  Poor  shape  defini¬ 
tion  in  the  nigher  strength  materials  as  a  result  of 
limited  pressure  means  subsequent  steps  such  as 
hot  sizing  to  obtain  finished  parts.  Also,  the  pro¬ 
cess  does  not  readily  lend  itself  to  elevated- 
temperature  forming.  Even  with  high-temperature 
rubbers,  pad  life  is  short  at  the  temperatures  above 
1000  F  required  for  good  formability. 

Some  recent  work  indicates  that  titanium  al¬ 
loys  can  be  worked  at  room  temperature  on  a 
trapped- rubber  impact  machine  with  good  results.  U) 

3-18,1  EQUIPMENT  SETUP  AND  TOOLING 

The  process  may  be  conducted  on  either  a 
single-action  or  a  double-action  press.  A  typical 
single-action-press  setup  is  shown  in  Figure 
3-18.  1-1  (a).  The  tool  and  blank  rest  on  the  bottom 
press  platen,  the  trapped- rubber  head  is  lowered 
over  the  tool,  and  then  pressure  ia  applied.  This 
approach  limits  operating  pressures  because  the 
rubber  is  never  completely  contained. 

The  use  of  a  double-action  press  is  shown  in 
Figure  3-10.  l-l(b).  Here  the  blank  is  clamped 
against  the  rubber  pad,  and  the  rubber  is  completely 
contained.  A  punch  from  the  bottom  is  then  forced 
against  the  blank,  and  it  is  formed  into  the  rubber 
pad.  Tne  advantages  of  this  process  are  sometimes 
outweighed  by  the  additional  time  and  expense  in¬ 
volved  in  tooling. 


Forming  pressures  range  up  to  about  3500  psi, 
or  the  limit  which  the  tooling  containing  the  trapped* 

O  rubber  head  will  withstand.  Consequently,  the  pro¬ 
cess  is  limited  to  forming  alloys  and  gages  of  ma¬ 
terial  that  will  deform  below  this  pressure,  A 
pneumatic- mechanical  press  equipped  with  a  trapped- 
rubber  head  can  develop  oressures  up  to  20,000 
psi.  (1) 
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FIGURE  3-18. 1-1  PRESSES  FOR  TRAPPED  RUBBER 
FORMING 

Trapped- rubber  and  hydroforming  operations 
do  not  impose  stringent  requirements  on  tools. 

Mild  steels  are  usually  used,  but  other  materials 
can  be  used  if  they  do  not  contaminate  the  titanium 
parts.  Lead-  and  zinc-alloy  tools  should  not  be  in 
direct  contact  with  titanium. 

3-18.2  MATERIAL  PREPARATION 

Titanium  sheet  material  for  hydropress  or 
trapped- rubber  forming  can  be  blanked  by  the 
methods  described  in  Paragraphs  3-11.  3.  Gen¬ 
erally,  some  tooling  holes  are  required  in  the  blank 
for  positioning  and  holding  until  the  press  can  close. 
Since  only  male  tooling  is  used,  it  is  necessary  to 
lock  the  part  in  position  on  the  die  until  it  is  com¬ 
pletely  formed. 

3-18.3  TRAPPED-RUBBER  FORMIN'!  LIMITS 

The  formability  of  materials  on  the  hydro¬ 
press  are  limited  by  the  capacity  of  the  press, 
plastic  buckling,  and  splitting.  The  capacity  of 
the  pruss  controls  the  range  in  size,  strength,  and 
thickness  that  can  be  formed.  Within  this  range, 
however,  additional  limits  will  be  set  by  buckling 
and  splitting.  Although  both  may  occur  in  the  same 
part,  they  are  generally  considered  separately  as 
shrink  flanges  and  stretch  flanges.  The  formabili¬ 
ty  index  for  trapped- rubber  forming  of  titanium 
shrink  flanges  at  various  temperatures  is  shown 
in  Figure  3-18.  3-1.  Similar  curves  for  trapped- 
rubber  stretch  flanges  were  shown  in  Figure 
3-16.4-1.  The  forming  limits  for  trapped- rubber 
stretch  and  shrink  flanges  at  room  temperature  are 
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given  for  several  alloys  in  Figures  3-18.3-2  and 
3-18.  3-3.  The  effect  of  rubber-pad  pressure  on 
minimum  obtainable  bend  radii  in  trapped- rubber 
forming  of  0.  063-inch  material  is  shown  in  Figure 
3-18.3-4. 

The  limiting  conditions  for  forming  shrink 
and  stretch  flanges  are  determined,  respectively, 
by  buckling  and  by  stretching.  The  limits  for  shrink 
flanges  are  related  to  the  reciprocal  of  the  compres¬ 
sive  yield  strength  of  the  material  for  plastic  buck¬ 
ling  and  to  the  ratio  of  compressive  modulus  to  the 
compressive  yield  strengtli  for  the  elastic  buckling 
limit.  The  limits  of  stretch  forming  are  related 
to  the  tensile  ductility  of  the  material  for  splitting 
limits  and  to  the  ratio  of  the  tensile  modulus  to  the 
tensile  yield  strength  for  buckling. 

Some  of  the  ratio  limits  that  have  been  estab¬ 
lished  for  several  tita-.ium  alloys  at  room  temperar 
ture  are  given  in  1  ables  3-  18.  3-  1  and  3-  18.  3-2 
for  shrink  and  stretch  flange  forming  on  a  hydro¬ 
press  with  a  pressure  of  2000  psi.  Comparing  of 
the  flange  height  limits  on  the  hydropress  with  other 
metal  forming  processes  shows  why  this  process 
has  limited  application  for  forming  strong  materials 
such  as  the  titanium  alloys.  Using  a  press  that  can 
provide  higher  pad  pressure  reduces  the  bend  radii 
obtainable,  as  shown  for  two  titanium  alloys  in 
Figure  3-18.  3-4. 


Springback  can  be  very  troublecome  in  hydro- 
press  or  trapped-rubber  forming.  Some  data  ob¬ 
tained  at  various  temperatures  for  some  titanium 
alloys  are  shown  in  Table  3-18.  3-1.  Some  of  the 
temperatures  investigated  are  exceptionally  high 
and  probably  impractical  for  production  operations. 
Increased  pad  pressure  will  decrease  the  spring- 
back  on  shrink  flanges  but  Has  little  effect  on 
stretch  flanges.  W 


Trapped-rubber  forming  is  often  used  for 
forming  beaded  panels.  The  forming  limits  for 
beaded  panels  are  determined  by  failures  resulting 


from  splitting  or  from  buckling.  Consequently 
success  or  failure  depends  on  the  ratio  of  the 
bead  radius  to  th-  thickness  of  the  material,  R/T, 
or  on  the  spacing  of  the  beads,  R/L.  The  limits 
for  several  titanium  alloys  made  into  beaded  pan¬ 
els  with  a  forming  pressure  of  3000  psi  are  given 
in  Table  3-18.3-2.  This  table  indicates  that  in¬ 
creasing  the  forming  pressure  increases  the  limit¬ 
ing  R/T  ratios  and  that  raising  the  forming  tem¬ 
perature  permits  closer  beads  in  sheets  of  a 
particular  gage. 

3-18.4  TRAPPED-RUBBER  FORMING  CONDI¬ 
TIONS 

Various  types  of  rubber  have  been  used  in 
the  machine  heads  with  varying  success.  The 
rubber  should  have  a  Shore  hardness  between 
70  and  90.  Although  some  high-temperature 
rubbers  have  been  developed  for  this  operation, 
they  are  still  limited  to  temperatures  below  1000  F , 
where  increased  forming  starts  for  many  titanium 
alloys. 

Most  tooling  is  made  to  net  dimensions,  but 
undercutting  the  tools  will  sometimes  reduce  the 
amount  of  sizing  required.  An  additional  plate 
covering  the  blank  area  where  no  forming  is  to 
occur  will  sometimes  improve  part  flatness. 

A  lubricant  can  be  used  on  the  blank  or  punch, 
although  the  advantage  is  very  slight.  Cleaning  up 
the  parts  and  tooling  after  each  forming  operation 
may  involve  more  time  than  the  benefit  obtained 
from  the  lubricant. 

3-18.5  POST-FORMING  OPERATIONS 

Since  hydropress  or  trapped-rubber  forming 
is  normally  carried  out  at  room  temperature,  some 
type  of  thermal  treatment  is  required  within  24  hours 
after  forming.  Hot  sizing  will  suffice;  otherwise, 
the  parts  should  be  stress  relieved. 

Most  parts  are  formed  to  the  desired  di¬ 
mensions  so  that  no  trimming  is  necessary.  If 


TABtE  3-18.3-1  TRAPPED -RUBBER -FORMING  TEST  DATA (3) 


70  F  Teit, 

SBringbsck,  degree! 


1100  F  Ten, 


1200  F  Teit, 
Springbuck,  aspect 


1800  F  Tat, 
ingback,  degrees 


Alloy 

S:retch 

Shrink 

Stretch 

Shrink 

Stretch 

Shrink 

Stretch 

Shrink 

Ti-3Mn-l.  5A1 

8 

10 

11 

11 

9 

13 

7 

8 

TI-2F«-2Cr-2Mo 

12 

13 

11 

11 

9 

8 

0 

1 

T1-8K 

14 

13 

10 

11 

8 

10 

8 

9 
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Buckling  Ratio,  Flong#  Haight /Stmt  Thickness,  H/T 

FIGURE  3-18.  3-5  CALCULATED  FORMAB1L1TY  LIMITS  OF  ANNEALED 
TITANIUM  ALLOYS  IN  RUBBER-STRETCH-FLANGE  FORMING 
AT  ROOM  TEMPERATURE*2* 

TABLE  3-18.  3-2  LIMITS***  ON  FORMING  BEADED  PANELS  BY  THE  TRAPPED-RUBBER  PROCESS 
WITH  A  PRESSURE  OF  3000  PSI*3* 


u 


Insufficient  Pressure 
_ Limits,  R/L 


Splitting  Limits , 
R/T 


Criti¬ 

cal 


For  R/L  Ratios  of 


Material 

L/T 

F 

2 

5 

15 

F 

0.01 

0.  03 

0.06 

0.  10 

0.  15 

Ti-8A1-  IMo-  IV 

147 

RT 

R/L 

0.  093 

0.  123 

0.  178 

RT 

R/T 

52 

47 

44 

_  „  _ 

_ 

L/T 

21.5 

40.  6 

84.  3 

L/T 

5200 

1568 

733 

Ti-8AI-  IMe-  IV 

121 

1000 

R/L 

0.  107 

0.  140 

0.  195 

RT 

R/T 

52 

47 

44 

— 

— 

L/T 

18.7 

35.7 

77.  0 

L/T 

5200 

1568 

733 

— 

— 

Ti-  13V-  IlCr- 

3A1 

107 

1000 

R/L 

0.  125 

0.  165 

0.  230 

500 

R/T 

60 

54 

50 

— 

... 

L/T 

16.0 

30.  3 

65.  2 

L/T 

6000 

1800 

833 

— 

— 

For  R/T  Ratios  of 

7 

15 

30 

Ti-  13V-  IlCr- 

202 

RT 

R/L 

0.  12 

0.  14 

0.  17 

RT 

R/T 

53 

_ 

47 

44 

42 

3A1 

L/T 

60 

104  173 

L/T 

5300 

775 

440 

277 

(a)  Parameters: 


R  =  bead  radius 
T  =  sheet  thickness 
L  *  bead  spacing. 
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FIGURE  3-18.  3-4  EFFECT  OF  PAD  PRESSURE 
ON  RADII  THAT  CAN  BE  FORMED  AT 
ROOM  TEMPERATURE  BY  TRAPPED- 
RUBBEP.  TECHNIQUES  IN  0.  063-INCH 
SHEET<2) 


(3)  Adams,  D.  S.  ,  and  Catrell,  W.  M.  ,  "Develop¬ 
ment  of  Manufacturing  Techniques  and  Process 
for  Titanium  Alleys",  AMC-TR  58-7-339,  Ryan 
Aeronautical  Company,  San  Diego,  California, 
Contract  AF  33(600)-31606  (July,  1958). 

(4)  Gerds,  A.  F.  ,  Strohecker,  D.  E.  ,  Byrer,  T. 

G.  ,  and  Boulger,  F.  W.  ,  "Deformation  Pro¬ 
cessing  of  Titanium  and  Its  Alloys",  NASA 
Technical  Memorandum  NASA  TM  X- 53438, 
Battelle  Memorial  Institute,  Columbus,  Ohio, 
Contract  No.  DA-01-021-AMC- 11651(Z)  (April 
18,  1966). 

(5)  Wood,  W.  W.  ,  et  al.  ,  "Volume  I  and  Volume 
II  Final  Report  on  Sheet  Metal  Forming  Tech¬ 
nology",  Aeronautics  and  Missiles  Division, 
Chance  Vought  Corporation,  Dallas,  Texas, 
Contra-4  AF  33(657)-7314  (July,  1963). 

(6)  Personal  communications  ,  North  American 
Aviation,  Northrop- Norair,  Douglas  Airplane 
Company,  Lockheed  Aircraft  Corporation,  Mur¬ 
dock  Incorporated,  Basic  Industries  Incorpor¬ 
ated,  and  Harvey  Aluminum  Company  (December 
2,  1964). 

(7)  Personal  communications,  Boeing  Airplane  Com¬ 
pany  (October  31,  1964). 

(8)  Myers,  D.  E.  ,  "DOD  High  Strength  Titanium 
Alloy  Sheet  Research  Program",  North  American 
Aviation,  Incorporated,  Columbus,  Ohio,  Navy 
BuWeps  Contract  NOas  57-785d  Final  Report 
(1963). 

(9)  "Evaluation  of  New  Titanium  Sheet  Alloys  for 

Use  in  Airframe  Construction  Volume  V  ', 

North  American  Aviation,  Incorporated,  Los 
Angeles,  California,  AMC  TR  60-7-561,  Decem¬ 
ber  30,  I960,  Final  Tech.  Engr.  Rpt.  for  USAF, 
Contract  AF  33(600)-33597  (September  9,  1956- 
April  10,  1960). 


cutouts  are  necessary,  the  operation  should  be 
performed  after  the  part  has  received  a  thermal 
cycle  to  minimize  distortion. 
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3-19.0  INTRODUCTION 

Bulging  is  a  method  of  forming  c'  lindrical 
bodies  by  applying  an  internal  pressure  exceeding 
the  yield  st-ength  of  the  material  and  expanding  the 
tubing  to  the  desired  shape.  The  internal  pressure 
can  be  delivered  by  expanding  a  segmented  punch 
or  by  a  fluid,  rubber,  or  other  elastomer.  The 
process  is  characterized  by  the  use  of  simple 
low-cost  tooling  and  is  capable  of  forming  an 
acceptable  part  in  one  step.  The  process  is 
normally  limited  to  the  forming  of  materials  in 
the  annealed  condition. 

The  types  of  bulge  forming  that  can  be  applied 
are  die  formintt  and  free  forming,  shown  in  Figure 
3-19.0-1.  As  the  names  imply,  the  dic-formed 
component  is  made  in  a  die  that  controls  the  final 
shape,  while  the  free  formed  part  takes  the  shape 
that  will  contain  the  internal  pressure. 


Oit  Formed 


Free  Formed 


FIGURE  3-  19.  0-  1.  COMPARISON  OF  CONFIGUR¬ 
ATIONS  BETWEEN  DIE  AND  FREE-FORM 
TUBE  BULGING* 1  >Z' 

3-19.1  EQUIPMENT  SETUP  AND  TOOLING 

A  large  number  of  processes  may  be  used 
for  bulge  forming  of  tubing.  Tube  bulging  is 
feasible  by  both  conventional  (low  deformation 
speed)  and  high-velocity  (high  deformation  speed) 
processes. 

Conventional  processes  for  bulge  forming 
apply  internal  pressure  to  the  tubing  at  a  slow 
rate  by  the  motion  of  mechanical  and  hydraulic 
presses.  A  liquid  or  semiplastic  filler  material 
is  normally  used  inside  the  tube  so  that  a  hydro¬ 
static  pressure  is  approached.  The  behavior  of 
the  filler  material  will  control  how  closely  the 
hydrostatic  conditions  prevail  during  forming 
operations.  The  use  of  a  rubber  filler  is  shown 
in  Figure  25  for  bulge  forming  a  tube. 


FIGURE  3-19.  1-1.  RUBBER  BULGING  SETUP*1’2* 

When  the  ram  has  been  retracted,  the  rubber  returns 
to  its  original  diameter  so  that  it  may  be  withdrawn 
from  the  tube.  This  technique  is  in  common  usage, 
since  it  does  not  have  the  sealing  difficulties  associ¬ 
ated  with  the  use  of  a  liquid  filler.  The  use  of  low- 
melting-point  solids,  such  as  Wood's  Metal,  as 
filler  materials  has  shown  promise  for  producing 
large  deformations.  In  this  process,  the  ram 
applies  axial  force  to  the  tube  as  well  as  pressure 
to  the  filler.  As  the  forming  progresses,  additional 
tubing  material  is  fed  into  the  die,  which  accounts 
for  the  greater  amounts  of  deformation  possible 
with  this  technique. 

The  expanding-mandrel  tube-bulging  techni¬ 
que  is  generally  restricted  to  high-production 
applications  because  of  the  cost  of  the  mandrels. 

The  contact  of  the  metal  mandrel  with  the  tubing 
limits  the  force  that  can  be  applied  and  the  maximum 
deformation  that  can  be  obtained  with  this  technique. 

Some  of  the  high-velocity  techniques  that  have 
been  applied  to  tube  bulging  with  the  greatest  success 
have  used  low  explosives  and  electric  discharges 
as  energy  sources.  The  electric-discharge  techni¬ 
ques  have  used  pressure  transducers  of  electric 
sparks,  exploding  bridge  wires,  and  magnetic  coils. 
All  of  these  energy  sources,  except  magnetic  forming, 
require  some  medium  (generally  water)  to  transmit 
the  pressure  to  the  tubing.  For  maximum  efficiency, 
a  closed  system  is  used,  which  complicates  the  uae 
of  the  system  from  the  standpoint  of  sealing.  Sealed 
systems  also  require  the  removal  of  air  from  between 
the  tube  and  the  die  to  prevent  high  temperatures 
and  burning  due  to  entrapped  air.  Shock-wave  re¬ 
flectors  have  been  used  with  low-explosive  and 
electric-discharge  systems  to  obtain  unusual  free- 
formed  tubing  shapes. 

Magnetic  forming  is  the  only  metalworking 
process  that  does  not  require  direct  contact  of  a 
forming  medium  with  the  tubing.  Consequently, 
limitations  on  forming  due  to  friction  encountered 
in  most  processes  does  not  occur.  Also,  since  the 
process  does  not  require  any  forming  medium,  there 
is  no  requirement  for  massive  tooling  to  contain  the 
force  generated  in  the  tubing. 
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If  the  pressure  for  deforming  a  tube  is  con¬ 
sidered  to  be  hydrostatic  in  nature,  then  the  pressure 
required  to  initiate  deformation  can  be  determined 
from 

P  =  2tS/d 

where 


Tooling  can  affect  the  percent  stretch  due  to 
the  constraints  it  places  on  metal  movement.  If 
extra  material  is  drawn  in  from  the  ends  of  the 
tubing  or  the  length  of  the  tubing  is  shortened  during 
forming,  additional  stretching  is  possible.  The 
percent  stretch  can  sometimes  be  increased  by 
applying  an  axial  load  to  the  tube  to  assure  feeding 
additional  material  to  the  bulged  section. 


5 

i 

I 


P  =  pressure,  psi 
t  =  tube  wall  thickness,  inches 
S  =  the  flow  stress  of  the  tube  material,  psi 
d  =  the  tube  diameter,  inches. 

Since  this  equation  only  supplies  information  on 
pressure  requirements  at  the  start  of  deformation, 
some  modification  is  required  to  present  the  total 
picture,  as  the  tube  is  stretched,  the  flow  stress 
will  increase  because  of  work,  hardening  of  the 
material.  At  the  same  time,  the  diameter,  d,  will 
increase  and  the  thickness,  t,  will  decrease.  If 
the  final  or  maximum  pressure  is  required,  the 
conditions  that  prevail  after  the  tube  is  formed 
should  be  considered  in  the  eouation. 

3-19.2  MATERIAL  PREPARATION 

Because  of  very  limited  applications  of  titan¬ 
ium  tubing  in  aircraft  in  the  past,  little  information 
has  been  generated  on  forming  of  titanium  tubing. 
Formed  tubing  has  generally  been  made  from  roll- 
formed  and  welded  sections.  Some  difficulty  has 
been  experienced  in  obtaining  sufficient  ductility 
in  the  heat-affected  weld  zone  for  bulge  forming 
operations.  Some  of  the  difficulty  may  have  been 
caused  by  improper  manufacturing  practices.  The 
weld  beads  are  normally  planished  before  they  arc 
bulge  formed.  Where  possible,  the  cylindrical  pre¬ 
forms  are  also  stress  relieved. 

3-19.3  BULGE-FORMING  LIMITS 

Two  limitations  must  be  considered  in  bulge¬ 
forming  operations:  ductility  of  the  workpiece 
material  and  tooling.  The  material  ductility  will 
determine  the  maximum  percentage  stretch  as 
determined  from  the  following  equation: 

Percent  stretch  =  **1  ~  do  jqq 
do 


where 


dQ  -  the  original  diameter 
d»  =  the  final  diameter. 


Another  limitation  besides  percent  stretch  is 
the  bending  strain  that  occurs  if  the  tube  is  bulged 
over  too  tight  a  bend  radius.  This  condition  re¬ 
sults  in  splitting.  The  minimum  bend  radii  in  the 
tube  forming  should  not  bo  Ies3  than  that  used  in 
other  forming  operations,  such  as  brake  forming. 


If  the  bulged  portion  of  a  tube  is  considered 
as  a  bead,  the  strain  for  any  given  die  design  can 
be  determined.  The  severity  of  deformation  is  de¬ 
termined  by  the  amount  of  stretching  and  the  amount 
of  bending.  Consequently,  the  radius  at  the  entrance 
to  the  bulged  areas  as  well  as  the  diameter  of  the 
bulged  section  are  important  considerations  in  es¬ 
tablishing  design  limits  in  bulge  forming.  A  section 
through  a  bulged  portion  of  a  tube  is  shown  in 
Figure  3-19.3-1,  so  that  the  necessary  dimensions 
that  control  the  strain  can  be  analyzed.  The  radius 
of  entrance  to  the  bulge  section  is  given  as  ri,  while 
the  depth  of  the  bulge  is  the  dimension  H.  W  is  the 
dimension  between  tangent  points  oo  the  bulge. 


FIGURE  3-19.  3-1  BULGE  CONFIGURATION  AND 
GEOMETRICAL  PARAMETERS*1  ,Z) 

The  strain  can  be  determined  from  the  following: 


"  1  +  41 

© 

l  + ' 

tn 

(t)2 

</h\  h 

1  'W 

f*( 

• 

The  percent-elongation  values  obtained  from  tensile 
tests  cannot  be  used  to  determine  this  limitation, 
since  only  uniform  elongation  is  of  practical  inter¬ 
est.  If  necking  occurs,  as  in  the  tensile  test,  the 
bulged  tubing  component  would  be  scrapped  because 
of  excessive  metal  thinning. 
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The  geometric  parameters  are  identified  in  Figure 
3-19.3-1.  The  relationships  between  e^,  H/W, 
and  rj/W  are  shown  in  Figure  3-19.  3-2,  so  that 
laborious  calculations  need  not  be  carried  out  for 
each  new  design. 

For  example,  consider  the  case  of  a  bulge 
width,  W,  of  2  inches  and  an  entrance  .'adius  on 
the  die  of  0.  40  inch,  which  gives  an  rj/W  =  0.2, 

If  a  bulge  height  of  0.  50  inch  is  required,  then  the 
H/W  *  C.  25.  From  Figure  3-  19.  3-2,  the  axial 
strain  e A  is  found  equal  to  0.  075  in.  /in.  The 
combined  strain  +  Brj  determines  failure 
limits,  so  that  the  limiting  bending  conditions  must 
be  considered  for  the  particular  alloy  of  interest. 

This  limit,  based  on  rj/t  or  bend  radius  over 
material  thickness,  is  the  same  as  for  brake  forming. 


FIGURE  3-  19.  3-2  H/W  VERSUS  AXIAL  STRAIN 
tA  FOR  VARIOUS  VALUES  OF  rj/W(1,2) 


ftsndfof  3*oln  -.j 

FIGURE  3-19.  3-  3  COMPOSITE  OF  BEA INFORMING 
LIMITS'3' 


A  limit  between  stretching  strain  and  bending 
strain  for  two  titanium  alloys  is  shown  in  Figure 
3-19.3-3.  These  curves  indicate  that  a  part  with 
a  stretching  strain  of  0.  1  in.  /in.  should  have  a 
bending  strain  of  less  than  0.  1  in.  /in. 

Care  must  be  used  in  applying  this  technique 
to  determine  design  limits  for  a  particular  material. 
The  established  criterion  for  this  analysis  is  based 
on  no  axial  movement  of  material  from  the  ends  of 
the  tube  into  the  die.  Where  such  movement  is  poo- 
sible,  the  axial  strain  will  be  reduced  from  that 
indicated.  The  analysis  docs  not  consider  the 
case  of  an  eccentric  forming  operation,  which  will 
have  a  different  strain  from  that  considered  here. 

Additional  information  on  tube  forming  is  re¬ 
quired  and  should  be  obtained  through  development 
programs  with  the  specific  alloys  to  be  used  as 
tubing.  In  the  absence  of  additional  specific  in¬ 
formation,  the  only  approach  is  to  predict  bulge¬ 
forming  limits  for  tubing  from  data  for  uniform 
elongation  and  permissible  bend  radii  obtained  on 
sheet. 
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3-20  Tube  Bending 
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3-20.0  INTRODUCTION 

The  four  major  methods  in  general  use  for 
bending  tubes  are:  (1)  ram  or  press  bending, 

(2)  roll  bending,  (3)  compression  bending,  and 
(4)  draw  bending.  Ram  or  press  bending  is  accom¬ 
plished  by  placing  the  tube  between  two  supports, 
thus  forcing  the  tube  to  bend  around  the  ram.  Roll 
bending  consists  of  passing  the  tube  through  a 
suitable  series  of  grooved,  power-driven  rolls  to 
accomplish  the  bending.  In  compression  bending, 
both  the  tube  and  the  die  are  stationary,  and  a 
wiper  die  is  utilized  to  wrap  the  tube  around  the 
stationary  bend  die.  The  first  three  methods  are 
used  for  heavy-wall  tubing  and  are  outside  the  area 
of  interest  in  aircraft  structures.  Consequently, 
only  the  fourth  method— draw  bending— is  discussed 
here. 


3-20.  1  EQUIPMENT  SETUP  AND  TOOLING 


Draw  bending  is  predominantly  used  to  bend 
thin-walled  titanium  tubing.  The  tube  is  confined 
in  the  bend;  wiper  and  clamp  dies  are  illustrated 
in  Figure  3-20.  1-1.  Internal  support  is  provided 
by  a  multiball  mandrel  to  prevent  collapse  of  the 
tubing.  Pr'.or  to  bending,  a  clamping  plug  is 
inserted  in  one  end  of  the  tube.  The  tube  then  is 
placed  in  the  die  cavities,  and  the  other  end  o<"  the 
tube  is  pushed  over  the  mandrel.  As  the  clamp 
die  is  closed,  a  cleat  on  the  die  is  pressed  into  the 
tube  and  clamp  plug,  crimping  the  tube  and  preven¬ 
ting  it  from  slipping  during  forming.  The  mandrel 
is  forced  through  the  tube  so  that  its  nose  is  in  line 
with  the  tangent  of  the  bend -die.  Then  the  pressure 
die  is  closed. 


FIGURE  3-20.  1-1.  TYPICAL  TUBE-BENDING 
TOOLS'1' 


During  draw  forming,  the  bend  and  clamp 
dies  are  rotated,  drawing  the  tube  over  the  station¬ 
ary  mandrel  into  the  bend  area.  The  stationary 
wiper  die  and  the  bend  die  confine  the  inside  of  the 
bend  and  permit  the  mandrel  balls  to  iron  out 
wrinkles  as  they  occur.  The  pressure  die  travels 
with  the  tube  and  provides  the  reaction  force  neces¬ 
sary  for  bending. 

The  pressure-die  boost  cylinder  is  a  special 
attachment  considered  necesrary  for  bending  ti¬ 
tanium  tube.  It  applies  a  load  to  the  end  of  the 
pressure  die,  which  reduces  the  tension  stress  on 
the  outside  cf  the  elbow  and  moves  the  neutral  axis 
outward  so  that  only  50  percent  of  the  tube  is  in 
tension.  Thus,  only  about  33  percent  elongation 
is  required  to  produce  a  1-1 /2-D  bend  (center- 
line  radius)  with  this  system.  This  amount  of 
elongation  is  well  within  the  elevated- temperature 
properties  of  the  commercially  pure  titanium. 

The  speed  of  the  pressure-die  boost  system  must 
be  coordinated  with  bending  speed  to  avoid  sliding 
friction  between  the  pressure  die  and  the  tube. 

Titanium  tube  is  bent  in  commercially 
available  equipment  that  has  been  modified  to 
accept  heated  tooling.  The  diameter  of  the  tube 
dictates  the  equipment  size. 

Most  tooling  materials  have  a, great  chemical 
affinity  for  titanium  and  gall  under  the  high  loads 
produced  in  tube  bending.  The  situation  is  not 
greatly  alleviated  by  the  conventional  lubricants 
normally  used  for  tube  bending. 

SAE  4340  steel  heat  treated  to  Rockwell  C  45 
to  48  is  adequate  for  the  pressure  die  because  it 
does  not  slide  against  the  tube.  The  wiping  die  and 
mandrel  that  are  subjected  to  sliding  friction  should 
be  made  from  aluminum  bronze  (AMPCO  21). 

3-20.2  TUBE-HEATING  METHODS 

The  Grade  A-40  titanium  tubes  that  must  be 
bent  at  elevated  temperature  normally  are  not 
preheated.  Experience  has  shown  that  the  tube 
rapidly  attains  the  proper  temperature  when  placed 
over  a  preheated  mandrel  and  confined  in  a  pre¬ 
heated  pressure  die.  The  same  should  apply  to 
titanium  alloy  tubing. 

The  tools  used  for  elevated-temperatures 
tube  bending  are  usually  heated  by  electric  cartridge- 
type  heaters.  Electric  cartridge  heaters  have  a 
coiled  resistance  wire  wound  on  a  threaded,  re¬ 
fractory  core.  {2)  The  core  and  wire  are  embedded 
in  a  maos  of  magnesium  oxide  or  similar  refractory 
cements  and  encased  in  an  Inconel  sheath.  The  unit.) 
are  designed  to  operate  at  relatively  high  tempera¬ 
tures  and  watt  densities.  This  method  of  heating  is 
reliable,  inexpensive,  requires  little  maintenance, 
and  gives  the  desired  control  of  temperature. 


To  handle  the  heated  tubes,  the  tube  bender 
must  be  suitably  insulated  to  prevent  excessive 
temperatures  at  the  bearings  ana  also  supplied  with 
electrical  leads  to  supply  power  to  the  electric 
cartridge  heaters.  The  heated  pressure  dies  may 
be  insulated  with  Transite  to  prevent  excessive  heat 
transfer  to  the  pressure-die  backup  carriage  bear¬ 
ings.  Electrical  leads  run  directly  from  bus  bars 
on  the  pressure  die,  wnich  supply  power  to  the 
cartridge  heaters,  to  the  powerstat  carts. 

The  powerstat  cart  consists  of  two  controllers 
and  two  variable  transformers,  one  each  for  the 
mandrel  and  pressure  die.  The  temperature  is 
monitored  by  thermocouples.  The  powerstats  are 
supplied  with  440-volt,  30- amp  electrical  power. 

Only  the  mandrel  bodies  are  heated.  The 
mandrel  balls  are  not  heated  because  forming  is 
essentially  completed  by  the  time  the  balls  come 
into  contact  with  the  tube. 

3-20.  3  TUBE  PREPARATION  FOR  BENDING 

Tubes  straight  within  0.  030  inch  per  foot  give 
good  bending  results  and  are  normally  purchased 
to  that  specification.  Straightening  tubes  prior  ( 
bending  can  reduce  the  elongation  limits  of  the 
m_terial  by  as  much  as  20  percent.  Annealing 
after  straightening  or  welding  would  not  solve  the 
problem,  since  the  tube  again  would  warp  during 
the  annealing  operation  and  additional  straightening 
t  c  sizing  would  be  required. 

The  diameters  of  the  tubes  to  be  bent  must 
be  held  within  +0.  0025  to  0.  007  inch,  and  the 
ovality  should  be  within  6  percent  of  the  nominal 
tube  diameter.  These  rather  close  tolerances  are 
necessary  to  ensure  proper  confinement  of  the 
tubes  by  the  bending  tools. 

Many  conventional  lubricants  do  not  provide 
the  continuous  film  needed  to  separate  the  toois 
from  the  workpieces  under  the  high  bending  loads 
involved,  ineffective  lubrication  causes  gall’.:g 
of  titani'im  tubes.  Experiments  indicate  that  greases 
with  high  graphite  contents  should  be  suitable  for 
bending  titanium  at  elevated  temperatures.  In 
production  operations,  however,  such  lubricants 
have  not  been  completely  satisfactory,  and  minor 
galling  frequently  occurs.  A  phosphate  conversion 
coating  is,  therefore,  used  on  tubes  to  supplement 
graphite-grease  lubricants. 

3-20.4  TUBE  BENDING  LIMITS 

A  number  of  refinements  to  the  conventional 
process  are  required  when  Grade  A-40  (commer¬ 
cially  pure)  titanium,  thin- walled  tubing  are  being 
bent.  Elevated  temperatures  are  generally  required 


for  tube  sizes  above  about  2-1/2  inches  in  diameter, 
as  shown  in  Table  3-20.4-1.  The  available  data 
and  experience  indicate  that  the  best  ductility  for 
bending  commercially  pure  titanium  is  obtained 
between  350  and  400  F.  The  ductility  also  is  high 
and  the  strength  even  lower  at  temperatures  above 
1000  F;  at  these  higher  temperatures,  the  problems 
of  heating  the  dies  without  damaging  the  bending 
equipment  and  providing  adequate  lubrication  are 
greatly  compounded. 

The  commercially  pure  Grade  A-40  titanium 
tends  to  deform  locally  under  tensile  loads,  especial¬ 
ly  if  they  are  not  applied  uniformly.  For  this  reason, 
tube-bending  speeds  must  be  kept  low;  speeds  of 
1/4  to  4  degrees/min  have  been  used  to  produce 
satisfactory  parts.  It  should  be  kept  in  mind  that 
after  the  oending  speed  is  set,  the  pressure-die 
boost  system  also  must  be  adjusted  to  provide  a 
uniform  thrust  and  to  insure  that  satisfactory  bends 
will  be  formed. 

Bend  quaJ  _y  can  also  be  adversely  affected 
by  excessive  wear  of  the  mandrel  and  wiper  die. 

If  the  mandrel  body  and  balls  and  the  wiper  die 
are  allowed  to  wear  down  more  than  0.  005  to  0.  008- 
inch,  the  tools  will  not  confine  the  tubes  adequately. 
Thus,  large  pressur'-die  forces  must  be  used,  and 
the  amount  of  elongation  required  to  form  the  parts 
will  be  increased.  This  results  in  high  failure  rates. 


TABLE  3-20.  4-1.  BENDING  LIMITATIONS  FOR 
GRADE  A-40  TITANIUM  TUfilNG>3) 


Mini- 

Freler- 

Maximum  Bend  Angle'*), 

Tube 

Wall 

mum 

red 

_ 

Diame- 

Thick- 

Bend 

Bend 

Minimum 

Preferred 

ter, 

ness 

,  Radius 

,  Radius, 

Bend 

Bend 

inch 

inch 

inch 

inch 

Radius 

Raaius 

Room-Temperature  Bending 

1-1/2 

0.  016 

2-1/4 

3 

90 

120 

0.020 

2-1/4 

3 

100 

160 

2 

0.016 

3 

4 

80 

110 

0.016 

3 

4 

100 

150 

2-1/2 

C.  016 

3-3/4 

5 

70 

100 

0.020 

3-3/4 

5 

90 

140 

0.035 

3-3/4 

5 

no 

180 

Elevated- 

Temperature  Bending 

3 

0.0)6 

4-1/2 

6 

90 

120 

0.  020 

4-1/2 

6 

HO 

160 

0.035 

4-1/2 

6 

150 

189 

3-1/2 

0.016 

5-1/4 

7 

90 

120 

0.020 

5-1/4 

7 

I 

160 

0.035 

5-1/4 

7 

130 

180 

4 

0.  020 

6 

8 

110 

,  lfeo 

0.035 

6 

8 

120 

180 

4-1/2 

0.  020 

6-3/4 

9 

130 

140 

0.  035 

6-3/4 

9 

140 

140 

5 

0.  020 

10 

10 

-- 

110 

6 

0.  020 

12 

12 

— 

100 

(a)  Bend  angle  i«  predicated  on  a  clamp  section  3  times  as 
long  as  the  tube  diameter  and  on  maximum  mandrel- 
ball  support. 
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3-21.0  INTRODUCTION 

Drop-hammer  forming  is  a  progressive  de¬ 
formation  process  for  producing  shapes  from  sheet 
metal  in  matched  dies  with  repetitive  blows.  The 
process  offers  advantages  for  a  variety  of  parts 
that  are  difficult  or  uneconomical  to  produce  by 
rubber-  and  contour-forming  techniques.  Typical 
applications  include  beaded  panels  and  curved  sec¬ 
tions  with  irregular  contours.  Drop  hammers  are 
often  used  for  details  such  as  half  sections  of  tees 
or  elbows  that  can  be  joined  together  later.  The 
process  is  best  suited  to  shallow- recessed  parts 
because  it  is  difficult  to  control  wrinkling  without 
a  blank  holder.  Nevertheless,  many  deeply  recessed 
parts,  especially  those  with  sloping  walls,  are  made 

on  drop  hammers. 

/  '  * 

The  impact-loading  characteristic  of  drop 
hammers  is  not  well  suited  to  forming  some  strain- 
rate- sensitive  materials.  To  work  such  metals, 
the  operator  must  limit  the  maximum  velocity  of 
the  ram. 


FIGURE  3-21.1-1.  PNEUMATIC-HAMMER^ 


3-21.1  EQUIPMENT  SETUP  AND  TOOLING 

The  gravity  drop  hammer  is  equipped  with  a 
weight  or  ram  that  is  lifted  by  means  of  some  device 
such  as  a  rope  or  a  board,  and  then  permitted  to 
drop  unrestricted.  The  pneumatic  hammer ,  shown 
in  Figure  3-21.  1-1,  and  the  steam  hammer  are 
equipped  with  a  pressure  cylinder  that  lifts  the  ram 
and  also  adds  energy  to  that  of  the  falling  ram. 

The  drop  hammer  is  fundamentally  a  single-action 
press.  It  can  be  used,  however,  to  perform  the 
work  of  a  press  equipped  with  double-action  dies 
through  the  use  of  rubber  blankets,  beads  in  the 
die  surfaces,  draw- rings,  and  other  auxiliary  mea¬ 
sures. 

The  platen  sizes  of  commercially  available 
drop  hammers  vary  from  21  x  18  in.  to  120  x  96  in. 

The  smaller  machine  has  a  ram  weight  of  600 
pounds  and  a  maximum  die  weight  cf  600  pounds, 
which  gives  a  possible  energy  level  in  free  fall  of 
2900  ft-lb.  The  larger  drop  hammer  has  a  ram 
weignl  of  33,000  pounds  and  a  maximum  die  weight 
of  47,000  pounds,  which  gives  a  possible  energy 
level  in  free  fall  of  90,000  ft-lb. 

The  basic  tool  materials  for  drop-hammer 
forming  are  Kirksite  and  lead.  Lead  is  preferred 
for  the  punches  since  it  will  deform  during  service 
and  conform  to  the  female  die.  For  room-temper¬ 
ature  forming  of  titanium,  an  uncapped  lead  punch 
may  have  a  useful  like  of  about  five  parts.  The  wide 
use  of  Kirksite  as  a  die  :r»terial  stems  from  the 
ease  of  casting  it  clot,*  to  the  final  configuration 
desired.  Most  companies  doing -a  large  amount  of 
drop-hammer  work  u-upare  the  tooling  in  their 
own  foundry.  Beryllium  copper  dies  have  been 
used  for  drop- hammer  forming,  but  generally  the 
additional  cost  is  not  warranted.  Ductile  iron  and 
steel  dies  are  used  where  tha  tooling  must  be  heated 
above  400  F. 


Contact  between  titanium  and  low-melting 
tooling  materials  such  as  lead  or  Kirksite  should 
be  avoided.  This  is  especially  true  when  the 
titanium  is  formed  at  elevated  temperatures  or  must 
receive  a  thermal  treatment  after  forming.  The 
low-melting  die  material,  which  rubs  off  on  the 
titanium  surface  during  forming,  will  contaminate 
the  material  and  render  it  structurally  unsatisfactory. 
Several  techniques  have  been  used  to  overcome  this 
difficulty.  The  die  and  punch  may  be  capped  with 
sheet  steel,  stainless  steel,  or  Inconel  to  prevent 
pickup  on  the  titanium.  The  choice  of  capping 
material  depends  on  the  punch  life  desired.  Inconel 
gives  the  best  life  in  sheet  thicknesses  of  0.  025  to 
0.  032  inch. 

Sometimes  two  punches  are  used:  a  working 
or  roughing  punch  and  a  coining  or  finishing  punch. 
When  the  working  punch  becomes  excessively  worn, 
it  is  replaced  by  the  coining  punch,  and  a  new  coining 
punch  is  prepared.  Another  method  of  achieving 
the  same  results  with  one  punch  is  to  use  rubber 
pads.  Rubber  suitable  for  this  purpose  should  have 
a  Shore  Durometer  hardness  of  80  to  90.  Figure 
3-21, 1-2  indicates  the  positioning  of  pads  for  a 
particular  part.  The  maximum  thickness  of  rubber 
is  situated  where  the  greatest  amount  of  pressure 
is  to  be  applied  in  the  initial  forming.  Ao  the 
forming  progresses,  the  thickness  of  rubber  is 
reduced  by  removing  some  cf  the  pads  after  each 
impact.  Rubber  pads  are  not  very  satisfactory  for 
elevated-temperature  forming  because  of  rapid 
deterioration  at  the  temperatures  required  for 
forming  titanium  (1000  F). 

For  room- temperature  forming  cf  smoothly 
contoured  parts,  Kirksite  dies  suitably  shielded  with 
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I  Typical 


FIGURE  3-21.  1-2.  POSITIONING  OF  RUBBER 
BLANKETS^1) 


The  blank  would  be  placed  between  the  die  and  the 
first  pad. 


steel  or  stainless  steel  can  be  used.  Steel  inserts 
should  be  used  in  sharply  radiused  corners  of  the 
dies.  For  complicated  parts,  cast  steel  or  high- 
silicon- cast-iron  dies  give  better  die  life. 

Mating  surfaces  of  the  die  set  must  make 
contact  uniformly  to  avoid  canning  and  warping, 
defects  which  are  difficult  to  remove  in  subsequent 
forming.  Hence,  male  and  female  dies  should  be 
carefully  blued-in  with  allowance  for  the  sheet  to 
be  formed. 

Difficult  titanium  parts  are  formed  at  elevated 
temperatures  (800  to  1000  F).  For  hot  operations, 
the  thermal  expansion  of  the  blank  and  tooling  must 
be  considered.  If  the  tooling  is  not  heated,  the 
amount  it  expands  will  depend  on  the  length  of  time 
it  is  in  contact  with  the  blank.  The  thermal  expan¬ 
sion  value  used  in  the  design  of  tooling  for  titanium 
is  0.  006  in.  /in.  for  temperatures  between  70  and 
1000  F.  The  allowance  for  expansion  of  circular 
or  elliptically  shaped  parts  should  be  made  radially, 
not  peripherally.  When  a  hot- sizing  operation  is  to 
be  performed  after  forming,  the  drop-hammer  tool¬ 
ing  is  generally  made  to  net  dimensions  without 
consideration  of  thermal  expansion. 

If  the  blanks  are  to  be  heated  in  a  furnace  and 
then  transferred  to  the  drop-hammer  tools,  stops 
should  be  located  in  the  tooling  for  rapid  and  pre¬ 
cise  location  of  the  blank.  Resistance  heating  may 
be  used  in  drop-hammer  forming  but  generally  re¬ 
quires  more  time  for  forming  each  part  due  to  the 
electrical  connections  necessary.  Clearance  relief 
for  the  electrical  leads  is  necessary  if  the  blank  is 
shorter  than  the  die.  The  dies  must  be  insulated  from 
she  bed  of  the  press  to  prevent  short  circuiting.  In¬ 
sulation  materials  such  as  Transite  or  high-temper- 
ature  rubber  have  been  used  satisfactorily  for  this 
application.  A  typical  arrangement  for  resistance 
heating  on  the  drop  hammer  is  shown  in  Figure 
3-21.  1-3.  This  heating  technique  is  generally 
applied  to  long  slim  parts  with  the  current  passing 
through  the  long  dimension  of  the  blank. 


When  titanium  parts  cannot  be  readily  formed 
with  one  blow  in  one  die  set,  better  results  can 
sometimes  be  obtained  by  introducing  two-stage 
tools,  each  of  which  permits  one-blow  forming, 
rather  than  using  multiple  blows  in  one  set  ot  tools. 
In  such  cases,  good  results  can  be  obtained  by 
making  the  part  slightly  oversized  in  the  first- stage 
tools  and  obtaining  the  final  shape  by  a  coining 
operation  in  the  second  set  of  tools. 

3-21.2  BLANK  PREPARATION 

The  blanks  for  drop-hammer  forming  are 
generally  rectangular  in  shape  and  are  prepared 
by  shearing.  The  blank  should  be  large  enough  to 
yield  a  part  with  a  2-  to  3-inch-wide  flange  in 
order  to  facilitate  drawing  of  the  metal  during 
forming.  Where  multistage  forming  is  used,  the 
part  may  be  trimmed  so  that  only  a  1/2- inch- wide 
flange  is  left  for  the  final  forming  stage. 

Sheared  edges  are  generally  satisfactory  for 
drop-hammer  forming  since  the  wide  flange  permits 
some  cracking  in  the  area  without  harming  the  part. 
The  blank  should,  however,  be  deburred  to  reduce 
poc&ible  damage  to  the  tooling. 

Lubricants  used  in  drop-hammer  forming  of 
titanium  should  be  of  the  nonchlorinated  types'4'. 
Extreme-pressure  oils,  pigmented  drawing  com¬ 
pounds,  and  nonpigmented  drawing  compounds  arc 
used  in  most  operations.  Some  of  the  specific 
lubricants  that  have  been  used  in  drop-hammer 
forming  of  titanium  are  Dag-41  and  Everlube  T-50. 
The  lubricants  are  generally  swabbed  onto  the  blank 
surface  prior  to  forming,  but  for  elevated- 
temperatures  forming  it  is  best  to  place  the  lubri¬ 
cants  on  the  die  surfaces.  The  lubricants  should 
be  removed  from  the  parts  surface  as  quickly  as 
possible  after  the  parts  are  formed.  Complete  re¬ 
moval  is  necessary  before  any  subsequent  thermal 
treatment. 
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3-21.3  BLANK  HEATING  METHODS 

Furnaces  used  to  heat  blanks  should  be  con¬ 
trolled  wit-', in  15  F  to  prevent  possible  damage  to 
the  titanium.  The  temperature  to  be  used  depends 
on  the  titanium  alloy  being  formed.  Care  must  be 
exercised  to  assure  that  the  parts  are  not  over¬ 
heated,  and  the  parts  should  be  shielded  so  that  no 
hot  spots  occur.  As  soon  as  the  blank  reaches  the 
required  temperature,  it  should  be  removed  from 
the  furnace  and  formed.  The  furnace  should  be 
located  beside  the  Ummer,  The  total  time  for 
the  sequence  of  transfer,  forming,  and  return  to 
the  furnace  should  not  exceed  8  seconds.  *3)  After 
the  final  strike  on  the  hammer,  the  dies  should  re¬ 
main  closed  for  about  30  seconds  so  that  the  part 
will  cool  slightly  in  the  die.  Care  should  be  exer¬ 
cised  in  elevated- temperature  forming  of  titanium 
that  the  total  time  at  temperature  does  not  exceed 
that  permitted  for  the  alloy.  The  use  of  an  inert 
furnace  atmosphere  increases  the  permissible 
time  at  temperature  bu  should  not  be  depended  on 
in  place  of  efficient  operations. 


Resistance-heating  methods,  as  shown  in 
Figure  3-21.  1-3,  require  high-temperature  rubber 
pads  attached  to  the  ends  of  the  tool  so  that  the 
blank  is  not  in  contact  with  the  tool  during  heating. 

The  electrodes  are  clamped  to  each  end  of  the  blank 
so  that  the  current  must  pass  through  the  entire 
blank.  Clamping  should  be  secure  so  that  current 
leakage  at  the  clamp-blank  interface  will  not  result 
in  hot  spots  and  possible  melting  due  to  insufficient 
clamping  area  for  the  current  being  transmitted. 

The  current  supplied  from  a  low-voltage,  high-amperage 
source,  such  as  a  welding  machine,  is  increased  until 
the  desired  temperature  of  the  blank  is  obtained. 

The  temperature  of  the  blank  can  be  checked  with 
a  thermocouple.  The  use  of  temperature- sensitive 
crayons  is  permitted  only  on  the  trim  areas  of  the 
part  to  avoid  possible  contamination  of  the  part. 

As  soon  as  the  forming  temperature  is  reached, 
the  blank  can  be  covered  with  a  high-temperature 
rubber  pad  at  least  1  inch  thick:  the  electrodes 
are  disconnected  and  the  part  is  then  formed.  This 


b.  Setup  for  Second  Operation  (Preform) 

c.  Setv  for  Third  Operation  (FMth  Form). 
Some  at  for  tecond  operatotion,  eicept 
that  no  rubber  needed  on  top  of  the  port. 


FIGURE  3-21.  1-3.  TYPICAL  SETUP  FOR  FORMING  RESISTANCE-HEATED 
TITANIUM  ON  DROP  HAMMER*3) 
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process  is  repeated  for  each  successive  blow  until 
the  part  is  formed  to  final  dimensions.  In  the  final 
stage,  no  rubber  is  used  over  the  part  and  the  dies 
are  closed  on  the  part  for  at  least  30  seconds  after 
the  final  blow. 

A  third  method  of  heating  titanium  for  drop- 
hammer  forming  is  with  radiant  quartz  lamps.  The 
lamps  are  placed  clos^  to  the  blank  while  the  blank 
is  resting  on  the  tooling.  The  lamps  are  then  moved 
out  of  the  way,  and  the  part  is  formed.  This 
sequence  is  repeated  until  the  part  is  completely 
formed.  It  sometimes  helps  if  the  edges  of  the 
blank  are  supported  on  an  insulating  blanket,  such 
as  asbestos,  so  that  the  heat  loss  to  the  tooling 
is  reduced.  Quartz-lamp  heating  of  a  flat  surface 
is  very  effective.  After  the  part  has  been  formed 
partially,  however,  it  is  difficult  to  control  the 
amount  of  heat  the  surface  of  the  part  receives. 

Alter  initial  heating,  it  may  be  necessary  to  use 
furnaces  to  obtain  the  desired  results. 

3-21.4  DROP-HAMMER  FORMING  LIMITS 


Within  the  limits  set  for  all  materials  by  the 
R/L  ratio,  success  or  failure  in  forming  beaded 
panels  depends  on  the  ratio  of  the  bead  radius  to 
the  sheet  thickness,  R/T,  and  on  the  ductility  of 
the  workpiece  material.  The  part  will  split  if 
the  necessary  amount  of  stretching  exceeds  the 
ductility  available  in  the  material.  The  splitting 
limit  can  be  predicted  from  the  elongation  value, 
in  a  0.  5-inch  gage  length,  in  tensile  tests  at  the 
temperature  of  interest.  The  variation  of  the  drop 
hammer  formability  index  for  two  titanium  alloys 
with  temperature  is  given  in  Figure  3-21.4-2.  It 
is  obvious  from  this  curve  that  significant  increases 
in  formability  of  the  titanium  alloys  shown  can  be 
achieved  at  temperature  above  1000  F. 

Formability  limits  for  two  titanium  alloys 
are  shown  in  Figures  3-21,4-3  and  3-21.4-4.  The 
charts  show  the  marked  improvements  in  formability 
resulting  from  better  elongation  values  at  elevated 
temperatures.  Although  the  limits  apply  to  beaded 
panels,  they  can  be  used  with  caution  as  guides  to 
forming  other  types  of  parts  with  drop  hammers. 


The  severity  of  permissible  deformations 
in  drop-hammer  forming  is  limited  by  both  geome¬ 
trical  considerations  and  the  properties  of  the 
workpiece  material.  The  forming  limits  can  be 
predicted  by  considering  parts  of  interest  as 
variations  of  beaded  panels.  For  parts  characterized 
in  this  way,  the  critical  geometrical  factors  are 
the  bead  radius,  R,  the  spacing  between  beads, 

L,  and  the  thickness  of  the  workpiece  material, 

T.  These  parameters  are  illustrated  in  Figure 
3-21.4-1. 


Two  of  the  forming  limits  depend  entirely 
on  geometry  and  are  the  same  for  all  materials. 

The  ratio  of  the  bead  radius,  R,  to  bead  spacing, 

L,  must  lie  between  0.  35  and  0.  06.  The  lower 
formability  limit  is  controlled  by  the  necessity 
for  producing  uniform  stretching  and  avoiding 
excessive  springback.  If  the  R/L  ratio  is  too 
small,  there  will  be  a  greater  tendency  for 
localized  stretching  at  the  nose  of  the  punch. 
Furthermore,  the  material  may  deform  elastically, 
not  plastically,  and  springback  will  be  complete 
when  the  load  is  removed. 


Earlier,  other  investigators'5^  suggested 
the  stretching  limits  for  drop-hammer  forming 
given  in  Table  3-21,4-1.  The  parts  used. in  that 
itudy  were  more  complex  than  beaded  panels.  Their 
limits  are  more  corservative  than  those  indicated 
i'  Figures  3-21.4-3  and  3-21.4-4.  The  minimum 
tfc. -Knees  for  hammer-formed  parts  of  titanium 
alloys  is  about  0.  025  inch.  Heavier  stock  should  be 
used  for  more  complex  shapes.  It  is  difficult  to 
predict  proper  springback  allowances  for  complex 
parts.  Therefore,  the  general  practice  13  to  hot 
size  them  after  hammer  forming.  In  general,  the 
tolerance  for  parts  formed  on  drop  hammers  is 
about  1/16  inch. 


FIGURE  3-21.4-2.  OPTIMUM  FORMING  TEMPER¬ 
ATURE  CURVES  FOR  DROP-HAMMER 
FORMING*5' 


FIGURE  3-21.4-1.  PARAMETERS  OF  DROP- 
HAMMER  BEADED  PANELS'4' 
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FIGURE  3-21.4-3.  LIMITS  FOR  FORMING  BEADED 
PANELS  FROM  THE  Ti-SAl- IMo- IV  ALLOY 
WITH  A  DROP  HAMMER'4' 


3-21.5  SELECTED  REFERENCES  ON  DROP- 
HAMMER  FORMING 

(1)  Forming  of  Austenitic  Chromium- Nickel 
Stainless  Steels,  Second  Edition,  The  Inter¬ 
national  Nickel  Company,  Incorporated,  67 
Wall  Street,  New  York  (1954). 

(2)  Gerda,  A.  F.  ,  Strohecker,  D.  E.,  Byrer, 

T.  G.  ,  Boulger,  F.  W.  ,  "Deformation  Pro¬ 
cessing  of  Titanium  and  Its  Alloys",  NASA 
Technical  Memorandum  NASA  TM  X- 53438, 
Battelle  Memorial  Institute,  Columous,  Ohio 
Contract  No.  DA-01-021-AMC- U651(Z) 
(April  18,  1966). 


FIGURE  3-21.4-4.  LIMITS  FOR  FORMING  BEADED 
PANELS  FROM  THE  Ti-I3V-llCr-3Al 
ALLOY  WITH  A  DROP  HAMMER*4) 

TABLE  3-21.  a- 1.  DROP-HAMMER  MAXIMUM 
STRETCH  LIKUTS  FOR  VARIOUS  TITAN¬ 
IUM  ALLOYS*5' 


Material 

Condition 

Maximum  Stretch 
at  900  F 

13V-llCr-3Al 

Solution  treated 

15.  8 

8Mn 

Annealed 

15.8 

5A1-2.  5Sn 

Annealed 

12.  6 

6A1-4V 

Annealed 

12.6 

3.  25Mn-2.  25A1  Annealed 

15.8 

(3)  Achbach,  W.  P.  ,  "Forming  of  Titanium  and 
Titanium  Alloys",  TML  Report  No.  42,  Volumes 
I  and  II,  Defense  Metals  Information  Center, 
Battelle  Memorial  Institute,  Columbus,  Ohio 
(May  18,  1956). 

(4)  Wood,  W.  W.  ,  et  al.  ,  "Final  Report  on  Sheet 
Metal  Forming  Technology",  Volumes  I  and  II, 
Aeronautics  and  Missiles  Division,  Chance 
Vought  Corporation,  Dallas,  Texas,  Report 
No.  ASD-TDR-63-7-871,  Contract  No.  AF 
33(657)-?314  (July,  1963). 

(5)  Handova,  C.  W.  and  Winslow,  P.  M.  ,  "Feasi¬ 
bility  Study  for  Producing  Welded  Airframe 
Components  from  Titanium  Alloys",  Final 
Report,  Volume  I,  "Research"  and  Volume  II, 
"Manufacturing",  North  American  Aviation, 
Incorporated,  Los  Angeles,  California,  Report 
Numbers  AL-2702-1  and  AL-2702-2,  Contract 
No.  AF  33(600)- 30902  (October  11,  1957). 


(a) 


Percent  stretch  =  Lt  -  Lp  x  I00, 
Lq 

where 

=  stretched  length 
L0  =  original  length. 
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3-22.0  INTRODUCTION 

The  term  roll  forming  usually  refers  to  a 
continuous  bending  process  performed  progressively 
by  a  series  of  contoured  rolls  in  a  special  machine. 
With  equipment  of  this  kind  (Figure  3-22.0-1), 
which  can  operate  at  high  speeds,  tolerances  as 
small  as  ±0.  005  inch  can  be  obtained  in  cold 
forming.  Roll  forming  is  often  used  to  bend  strip 
into  cylinders  that  are  butt  welded  to  produce  thin- 
walled  tubing  with  a  relatively  small  diameter. 

3-22.1  EQUIPMENT  SETUP  AND  TOOLING 

A  schematic  drawing  of  a  six- stand  Yoder 
roll-forming  machine  was  shown  in  Figure  3-22.0-1. 
The  strip,  entering  from  the  left,  passes  through 
a  series  of  six  rolls  and  emerges  from  the  machine 
as  a  rolled  shape.  The  method  offers  a  number  of 
advantages.  A  bend  radius  of  IT  less  than  the 
minimum  bend  radius  in  brake  forming  can  usually 
be  attained  in  roll  forming  titanium  alloys.  Parts 
can  be  produced  with  lower  internal  stresses  than 
are  present  in  parts  formed  by  impact  or  brake 
forming.  Roll  forming  is  a  high-speed,  fast- 
production  process.  For  instance,  the  man-hour 
savings  by  roll  forming  may  amount  to  85  percent, 
compared  with  brake  forming  the  same  shape  in 
3- foot  lengths. 


Roll-forming  machines  are  operated  at  speeds 
up  to  125  ft/min.  With  the  recent  availability  of 
many  of  the  titanium  alloys  in  strip  form,(^  the 
full  potential  of  roll  forming  can  now  be  utilized. 

The  availability  of  strip  is  particularly  important 
in  the  case  of  the  stronger  alloys  that  are  roll 
formed  at  elevated  temperatures. 

Equipment  for  roll  forming  is  available  from 
a  number  of  manufacturers  in  a  range  of  sizes  and 
capacities.  The  size  and  weight  of  the  equipment 
increases  as  the  maximum  sheet  thickness  increases, 
lhe  number  of  roll  stands  required  for  a  particular 
application  depends  on  the  complexity  of  the  bending 
required.  A  machine  may  consist  of  from  2  to  20 
roll  stands.  Relatively  simple  bending  contours  can 
be  accomplished  by  using  six  or  less  rolls.  Equip¬ 
ment  manufacturers  should  be  consulted  on  equip¬ 
ment  requirements  for  specific  applications. 

The  power  available  limits  the  size  of  the 
stock  that  can  be  processed.  For  instance,  it  was 
found'3'  that  a  10-hp  mill  was  incapable  of  producing 
1-1 /2-inch  hat  titanium  sections  and  angles  from 
0.  040  or  0.  063-inch  stock  at  a  speed  of  100  ft/min. 
However,  the  same  dimensions  could  be  made  at 
125  ft/min  from  0.  090-inch  stock  of  the  Ti-4Al-4Mo- 
IV  and  the  T1-16V-2.  5Sn  alloys  with  a  standard  50-hp 
roll-forming  unit. 


High-temperature  bearings  are  recommended 
for  roll-forming  equipment  to  be  operated  at  elevated 
temperatures.  In  one  study'  ,  however,  satisfactory 
results  were  obtained  by  replacing  the  shaft  on  each 
stand  with  hollow  shaftr  through  which  cooling  water 
was  circulat  1.  The  tubular  shafts  were  made  from 
chromium- plated  4130  steel.  The  cooling  system 
kept  the  bearing  temperature  below  300  F  when  the 
rolls  were  operating  at  1100  F, 


The  rolls  used  in  roll-forming  equipment  may 
be  made  from  a  variety  of  materials.  Oil-hardened  j 
tool  steel  rolls  are  normally  used.  For  high-production  j 
applications  where  long-wearing  characteristics  are 
desirable,  rolls  of  steels  containing  about  0. 1  to  0.  5 
percent  carbon  and  12  to  13  percent  chromium  are 
used.  Chromium-plated  rolls  may  be  used  where 
high-finish  materials  are  to  be  formed.  Sometimes, 
duplex  rolls  are  used  where  only  the  working  surfaces 
are  made  of  hardened  tool  steels.  They  are  especially 
suitable  for  wide  rolls  with  shallow  contours.  I 


Room- temperature  roll  forming  of  titanium 
alloys  has  been  performed  with  rolls  made  of  AISI- 
E- 52 100,  high-chromium  tool  steel. 


FIGURE  3-22.  0-1.  SCHEMATIC  DRAWING  OF 
ROLL-FORMING  MACHINE  W 


Rolls  used  to  roll  form  the  Ti-4Al-3Mo-lV 
alloy  at  room  temperature  were  case-hardened 
chromium-molybdenum  steel  with  esse  depth  of 
0.  090  inch. '  Others  have  used  rolls  fabricated 
from  Class  H-13  tool  steel  -  a  hot  die  ateel  chjsen 
for  ite  hardness,  freedom  from  distortion,  and 
resistance  to  scaling.  M  These  rolls  were  hardened 
to  52  to  54  on  the  Rockwell  C  hardness  scale. 
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3-22.2  MATERIAL  PFEPARATION 

The  general  precautions  given  in  other  sections 
on  blank  preparation  should  be  observed.  Especially 
detrimental  in  roll  forming  is  the  presence  of  grinding 
marks  and  scratches  parallel  to  the  length  of  the 
strip.  (6)  Such  marks  initiate  cracking  when  the  strip 
is  formed  into  shapes.  Their  effects  can  generally 
be  minimized  by  buffing  or  by  a  light  chemical  etch. 
Removing  as  little  as  0.  001  inch  of  metal  by  etching 
ofter  significantly  increases  uniform  elongation  of 


TABLE  3-22.4-1.  SUMMARY  OF  ROLL-FORMING 

TEST  RESULTS  ON  SAMPLES  OF  SOLUTION- 
TREATED  ALLOYS  AT  ROOM  TEMPER- 
ATURES'a)(3'5' 


o 


— 

Materi- 

al 

Mini- 

Average 

Thick- 

mum 

Spring- 

ness,  T, 

T 

back, 

Alloy 

in 

Radius 

deg _ 

titanium. 

Ti-4Al-3Mo- IV  0.020 

3.0 

11.2 

0.020 

4.0 

14.  6 

Variations  in  the  thickness  of  the  meted  strip 

0.  040 

3.0 

10.4 

result  in  dimensional  inaccuracy  of  roll-formed 

0.040 

4.0 

17.8 

parts.  Improvements  in  thickness  and  shape  con¬ 

0.040 

3.0 

3.5 

trol  by  the  metal -rolling  mills  has  minimized  this 

0.  040<b> 

1.0 

0 

problem. 

0.060 

3.0 

8.  5 

0.060(b) 

1.0 

0 

Lubricants  are  almost  always  tequired  for 

0.063 

3.0 

10.8 

the  roll  forming  of  titanium  and  it  alloys.  For 

0.063 

4.0 

15.  6 

roll  forming  at  room  temperature,  fluids  such  as 

0.090 

3.0 

14.0 

SAE  60  oil  or  its  equivalent  function  both  as  lub¬ 
ricants  and  coolants.  Solid  lubricants  are  often 

Ti-2.  5A1- 16V  0.040 

2.0 

2.0 

used  for  roll  forming  at  elevated  temperatures. 

0.060 

2.0 

7.0 

Satisfactory  results  were  obtained  when  one 

0.090 

3.0 

15.0 

commercially  available  lubricant,  Dag-41,  was 
thinned  with  10  parts  of  lacquer  and  sprayed  on 
both  sides  of  titanium- alloy  atrip  prior  to  rolling 
at  100  F.  W  Such  lubricants  also  may  be  applied 
by  dipping,  brushing,  or  wiping.  Upon  heating  to 
the  rolling  temperature,*the  carrier  usually  vapor¬ 
izes,  leaving  the  filler  as  a  solid  residue  to  provide 
lubrication.  Another  lubricant  that  is  used  for 
elevated-temperature  roll  forming  is  Everlube 
T-EO. 

3-22.  3  BLANK  HEATING  METHODS 


(a)  The  Ti-2.  5A1-16V  angles  were  made  in  a  six- 
roll  machine,  the  others  in  a  seven- roll  machine. 

(b)  Rolled  at  1100  ±25  F. 

Experimental  work  indicates  that  the  solutiony— . 
treated  Ti-6A1-4V  alloy  can  be  formed  into  a  hat 
section  at  1100  F.^-/ 


Both  the  rolls  and  the  titanium  strip  should 
be  heated  in  roll-fbrming  operations.^' ''  Ex¬ 
periments  with  induction  heating,  gas-fired  muffles, 
and  electric  muffle  furnaces.for  heating  each  set 
of  rolls  indicated  that  gas-heated  muffles  built 
around  each  rolling  stand  were  best. 

3-22. 4  ROLL  FORMING  LIMITS 


Some  of  the  newer  titanium  alloys,  such  as  the 
Ti-8Al-lMo  alloy,  have  been  roll  formed  by  heating 
the  blanks  to  about  1000  F  and  rolling  on  rolls  heated 
in  the  range  of  200  to  500  F.  Up  to  20  roll  passes  with 
removal  of  contaminated  surface  layer  between  each 
passes  resulted  in  1  T  bend  radii,'’' 

3-22.5  SELECTED  REFERENCES  ON  ROLL  FORMING 

(1)  Matey,  G.  J. ,  "Forming  Titanium  Parte", 
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section  resulted  in  the  minimum  forming  values 
listed  in  Table  3-22.  4-1.  Although  the  minimum 
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General  Dynamics  Corporation,  Contract  AF 
33(6005-34876,  (May,  1961).  _ 

(4)  Gunter,  J.  L.  ,  "Determination  of  Adaptability 
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Contract  AF  33(600)-33765,  (December  1,  1958); 
ASTIA  Document  AD- 156058. 
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3-23  Roll  Bending 


3-23.0  INTRODUCTION 

Roll  bending  is  the  most  economical  process 
for  producing  single-contoured  skins  from  the  ti¬ 
tanium  alloys.  In  addition  to  bending  fiat  sheet  into 
cylindrical  contours,  the  linear- roll- bending  tech¬ 
nique  also  ,u  commonly  ueed  to  curve  heel-in  and 
heel- out  channel  sections  with  maximum  flange 
heights  below  1.  5  inches.  The  channels  may  ini¬ 
tially  .  ve  been  produced  by  roll  forming  on  a  press 
or  even  by  extrusion.  In  addition  to  roll  bending, 
the  final  contour  of  a  channel  or  other  section  are 
obtained  by  bending  channel  sections  to  the  desired 
contour  and  then  splitting  the  channels  to  from  the 
angle  sec'ions. 

Figure  3-23.0-1  is  a  sketch  of  a  typical 
setup  for  the  linear  roll  bending  of  channels.  The 
upper  roll  in  the  pyramid-type  roll  configuration, 
can  be  adjusted  vertically  as  shown  in  the  figure, 
and  the  radius  of  the  bend  is  controlled  by  the  ad¬ 
justment  of  this  roll.  The  geometry  for  heel-in 
and  heel-out  channele  alsc  is  shown  in  the  sketch. 

Roll  bending  is  a  process  that  depends  greatly 
on  operator  technique.  Premature  failures  will 
occur  if  the  contour  radius,  R,  is  de  Teased  in 
increments  that  are  too  severe.  On  the  other  hand, 
too  many  passes  through  the  rolls  may  cause  ex¬ 
cessive  werk  hardening  in  the  channel.  An  operator 
usually  must  form  several  trial  parts  of  a  new  ma¬ 
terial  in  order  to  establish  suitable  conditions. 

3-23.  1  EQUIPMENT  SETUP  AND  TOOLING 

Linear- roll-bending  equipment  generally  is 
quite  simple  in  dcsigri.  One  common  type  of  equip¬ 
ment  utilizes  a  pyramidal  design  both  in  vertical 
and  horizontal  machines.  Three  rolls  are  used, 
two  lower  rolls  of  the  same  diameter  placed  on 
fixed  centers  at  the  same  elevation,  and  a  third 
or  upper  roll  placed  above  and  between  the  lower 
rolls.  The  upper  roll  may  be  adjusted  vertically 
to  produce  different  curvatures,  and  all  three  rolls 
are  driven. 

Another  type  of  equipment  for  bending  shapes 
is  the  pinch-type  roll  bender,  so  called  because  its 
two  main  rolls  actually  pinch  the  stock  between  them 
with  sufficient  pressure  to  pull  the  material  through 
against  the  resistance  of  the  bending  stress.  This 
equipment  contains  four  rolls.  The  upper  and  lower 
main  rolls  are  driven  by  a  train  of  gears  and  the 
lower  roll,  directly  beneath  the  upper  one,  is 
adjustable  vertically.  The  large  rolls  support  the 
flanges  of  the  shape  during  bendir  .;  and  tend  to 
minimize  buckling  by  supporting  the  sides  of  the 
flanges.  The  small  idler  rolls  can  be  adjusted  up 
and  down  for  changing  the  bend  radius. 


In  addition  to  rolls  for  contouring  channels 
and  other  shapes,  equipment  also  is  available  for 
bending  sheet  sections  into  shapes.  Such  equipment 
is  extensively  used  to  bend  aircraft  skins,  wing 
sections ,  and  the  like. 

Another  type  of  roll-bending  equipment  is 
made  specifically  for  producing  cylindjical  and 
other  closed  sections  from  sheet.  Such  equipment 
is  called  a  slip  roll  former  or  bender,  and  these 
machines  feature  pinch-type  rolls.  They  are  very 
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FIGURE  3-23.  0- 1.  PART  TYPES  AND  SETUP  FOR 
ROLL  BENDING' l) 

versatile  and  adaptable  to  many  operations.  The 
equipment  uses  larger  diameter  rolls  than  the 
sboet-forsning  rolls  just  described,  and  is  char¬ 
acterized  by  the  ability  of  the  upper  roll  to  swing 
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open  at  one  end  (outboard  bearing)  to  permit  easy 
removal  of  the  completed  cylinder  or  other  closed 
shape  without  distortion. 

Rolls  for  linear-contour  bending  of  shapes  have 
been  made  from  a  variety  of  materials.  Sometimes 
the  rolls  are  made  from  hard  rubber  for  use  at  room 
temperature.  Six-inch- diameter  beryllium-copper 
rolls  for  bending  channels  of  titanium  alloys  at  room 
temperature,  400  F,  and  800  F  have  been  used. 

Since  those  rolls  scored  badly,  beryllium- copper 
rolls  probably  are  not  suitable  for  use  in  the  pro¬ 
duction  roll  bending  of  titanium  and  its  alloys, 
especially  at  elevated  temperatures. 

The  most  common  materials  for  the  rolls  on 
roll-bending  machines  are  the  tool  steels.  These 
may  range  from  Grades  0-2  for  room-temperacure 
application  to  Grades  H-ll  and  H-13  for  elevated- 
temperature  use. 

Rolls  for  the  sheet- roll-bending  machines  most 
often  consist  of  low-alloy  steels  such  as  Grade  4130 
with  flame-hardened  surfaces.  The  surfaces  usually 
have  a  Rockwell  C  hardness  of  about  50. 

3-23.2  BLANK  PREPARATION 

The  precautions  given  in  previous  sections 
on  blank  preparation  must  be  observed.  For  the 
roll  bending  of  flat  sheet  of  titanium  and  its  alloys, 
the  flatness  of  the  sheet  is  extremely  important. 

The  sheet  must  be  flat  within  0.  6  percent,  as  shown 
in  Figure  3-23.2-1.  In  addition,  the  corners  of 
the  sheet  part  to  be  contoured  should  be  chamferred 
prior  to  rolling  to  prevent  marking  of  the  rolls. 


3-23.4  ROLL- BENDING  LIMITS  FOR  CHANNELS 

Transverse  buckling  and  wrinkling,  respectively, 
are  the  common  modes  of  failure  in  bending  heel-out 
and  heel-in  channels.  The  principal  parameters, 
shown  in  Figure  3-23.  0-1,  are  the  bend  radius,  R, 
the  channel  height,  H,  the  web  width,  W,  and  the 
material  thickness,  T.  The  roll  beuiing  limit 
curves  for  the  titanium  alloys  rolled  at  room  tem¬ 
perature  are  given  in  Figure  3-23.4-1  for  heel- in 
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FIGURE  3-23.2-1.  TITANIUM-SHEET  FLATNESS 
PARAMETERS  FOR  ROLL  BENDING 

3-23.  3  BLANK  HEATING  METHODS 

Roll  bending  of  titanium  and  many  of  its 
alloys  is  done  at  room  temperature  whenever 
possible.  However,  some  of  the  stronger  and 
atiffer  alloys  cannot  be  bent- to  as  small  a  radius 
at  room  temperature  as  they  can  at  elevated  temper¬ 
atures.  Shapes  such  as  channels  should  be  con¬ 
toured  at  elevated  temperatur  ea.  Some  experiences 
with  heated  rolis  have  resulted  in  formed  parts 
with  smaller  bend  radii  than  those  obtained  at 
room  temperature. 
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FIGURE  3-23. 4-2.  ROLL  BENDING  OF  HEEL-OUT 

CHANNELS  FOR  TWO  TITANIUM  ALLOYS  (1) 
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3-24  Spinning  and  Shear  Forming 


3-24.0  INTRODUCTION 

Spinning  and  shear  forming  are  processes  for 
shaping  seamless,  hollow  sheet-metal  parts  by  the 
combined  forces  of  rotation  and  pressure.  Only 
minor  changes  in  material  thickness  occur  during 
spinning;  shear  forming  causes  thinning. 

Spinning  may  be  classified  as  manual  or  power 
spinning,  depending  on  the  manner  of  applying  the 
force  to  the  blank.  Manual  spinning  is  limited  to 
thin  (less  than  1/ 16-inch- thick)  low- strength  (a 
yield  strength  under  30,000  psi)  workpieces.!^ 
Power  spinning  uses  mechanical  or  hydraulic  de¬ 
vices  to  apply  greater  tool  forces  to  the  blank  and 
can  consequently  be  used  to  form  thicker  and 
stronger  materials. 

Shear-forming  processes  can  be  broken  down 
into  cone  and  tube  shear  forming.  Any  shapes 
other  than  a  tube  will  be  considered  under  cone  or 
modified  cone  shapes,  such  as  hemispheres. 

A  typical  example  of  cone  shear  forming  is 
shown  in  Figure  3-24.  0-1.  The  blank  is  a  circu¬ 
lar  dial-,  which  is  clamped  to  the  rotating  mandrel 
by  the  tailstock.  Two  rollerj  located  at  opposite 
sides  of  the  mandrel  apply  a  force  along  the  axis 
of  the  mandrel  and  force  the  blank  to  take  the 
shape  of  the  mandrel.  Figure  3-24.  0-1  shows  a 
progression  of  the  forming  sequence,  starting 
from  top  to  bottom.  The  rolls  are  not  driven  but 
rotate  because  of  contact  'with  the  rotating  blank. 


Step  I  Step 2  Steps 


Step  4  Step  S 


FIGURE  3-24. 0-1.  STEPS  IN  SHEAR  FORMING 
OF  A  CONE!*' 

3-24.1  EQUIPMENT  SETUP  AND  TOOLING 

Most  engine-lathe  manufacturers  will  make 
equipment  for  spinning. 

The  latest  equipment  incorporates  numerical 
controller  automatic  programming  of  the  epin- 
lag  operation. 


Shear- forming  machines  are  an  extension  of 
the  capabilities  of  the  spinning  lathe.  The 
machines  are  heavier  and  have  considerably  more 
power  than  the  spinning  lathes.  Spinning  can, 
however,  be  conducted  on  a  shear-forming  machine 
capable  of  producing  cones. 

Shear-forming  machines  are  available  in  a 
variety  of  sizes,  as  indicated  in  Table  3-24.  1-1. 
Additional  sizes  of  machines  may  be  available, 
so  that  the  manufacturers  should  be  informed  of 
specific  requirements.  One  of  the  largest  shear¬ 
forming  machines  can  handle  a  blank  240  inches 
in  diameter.  ^ 

TABLE  3-24.  1-1.  TYPICAL  AVAILABLE  SPIN¬ 
NING  AHD  SHEAR-FORMING  MACHINE 
SIZES'*’ 


Part 

Diameter 

Manufacturer  in. 

Part 

,  Length, 
in. 

Production 
Rate, 
piece  /hr 

Lodge  ft  Shipley 

12 

15 

75-100 

(Floturn) 

12 

15 

90-125 

24 

30 

30-80 

40 

‘  50 

8-30 

60 

70  . 

1-15 

70 

84 

1-15 

Cincinnati  Milling 

42 

50 

... 

Machine  Company 

42 

50 

-- 

(Hydroapin) 

62 

50 

— 

70 

72 

— 

Hufford  (Spin 

60 

60 

Forge) 

60 

120 

-- 

Planisher*  for  manual  spinning  are  gener¬ 
ally  made  of  relatively  soft  material,  such  as 
brass,  to  prevent  gouging  of  the  workpiece.  For 
mechanical  or  hydraulic  spinning,  rollers  of 
hardened  tool  steel  are  used,  A  high-speed  tool 
is  required  when  elevated-temperature  spinning 
is  performed.  The  surface  of  the  rollers  is  ofteu 
chromium  plated  for  durability  and  corrosion  re¬ 
sistance.  The  diameter  of  the  rollers  in  spinning 
is  selected  on  the  basis  of  the  diameter  of  the  part 
to  be  formed;  the  roller  diameter  should  be  ap¬ 
proximately  half  the  smallest  diameter  of  the  part. 

Mandrels  for  room- temperature  spinning 
can  be  made  of  wood  cr  plastic  for  production  runs 
of  25  parts  dr  less.  For  greater  production,  the 
mandrels  may  be  made  of  ductile  cast  iron  cr  tool 
steel.  For  elevated-temperature  spinning  the 
mandrels  are  made  of  ductile  cast  iron  or  high¬ 
speed  tool  steels.  For  short-run  production  of 
titanium,  a  wood  form  covered  with  aluminum  and 
steel  has, been  used  at  temperatures  to  1300  F,  !6) 
This  mandrel  is  shown  in  Figure  3-24, 1-1. 
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Shear  forming  requires  stronger  tooling  than 
spinning  because  of  the  greater  forces  character¬ 
istic  of  the  process.  Rollers  are  used  for  applying 
the  forming  force  to  the  blank.  The  diameter  of 
the  rolls  is  generally  kept  to  a  minimum  consis¬ 
tent  with  the  force  it  is  required  to  transmit.  A 
smaller  roller  has  less  contact  area  with  the 
blank  and  consequently  less  friction  and  power 
loss.  The  shape  of  the  roller  depends  on  the 
amount  of  reduction  to  be  taken  with  each  pass. 

A  typical  roller  configuration  is  shown  in  Figure 
3-24.  1-2,  and  the  surfaces,  which  are  important 
in  the  process,  are  indicated.  The  contact  angle 
determines  the  length  of  contact  surface  for  any 
given  reduction.  The  greater  the  contact  length 
the  greater  the  frictional  forces  between  the  roller 
and  the  metal.  The  approach  surface  and  contact 
angle  are  required  to  prevent  the  material  from 
burring  ahead  of  the  roller.  Since  the  roller  step 
controls  the  amount  of  reduction,  a  different  rol¬ 
ler  is  required  for  each  reduction.  The  burnish¬ 
ing  angle  and  land  tend  to  smooth  out  the  ring 
marks  left  on  the  part  due  to  the  axial  travel  of  the 
tool.  Rollers  for  shear  forming  are  generally 
made  of  high-speed  tool  steel  heat  treated  to  Rc 
60.  The  surface  is  polished  and  sometimes 
chromium  plated  for  use  at  either  room  temper¬ 
ature  or  elevated  temperature. 

The  rollers  in  shear  forming  are  generally 
cooled  to  prevent  distortion  or  creep  under  heavy 
loads.  This  is  usually  accomplished  by  spraying 
a  lubricant  on  the  roller  surface;  internal  circu¬ 
lating  cooling  systems  are  not  very  practical. 

Titanium  cone 
Steel  cover 
Aluminum  cover 
Wooden  chuck 


FIGURE  3-24.1-1.  ELEVATED-TEMPERATURE 
SPINNING  OVER  A  WOOD  MANDREL^' 

The  mandrels  for  shear  forming  are  made  of 
heat-treated  steel  because  of  the  high  forces  in¬ 
volved.  A  softer  material  would  be  locally  de¬ 
formed  by  the  roller  pressure.  Large  mandrels 
are  generally  made  as  shells  with  supporting  in¬ 
ternal  structure,  while  smaller  mandrels  are 
solid. 

3.24.2  BLANK  PREPARATION 

The  requirements  for  edge  preparation  on 
titanium-alloy  blanks  are  similar  to  most  other 


materials.  The  edges  should  be  smooth  and  free 
of  notches  or  scratches.  The  surface  of  the  blank 
should  also  be  free  of  scratches.  Any  surface 
contamination  should  be  removed  before  spinning 
or  shear  forming. 

The  most  common  lubricants  used  on  titani¬ 
um  at  elevated  temperatures  are  the  solid- film 
types  such  as  graphite,  molybdenum  disulfide, 
and  mica.  Although  they  can  be  applied  as  a  pow¬ 
der  in  most  metal- forming  operations,  they  should 
be  suspended  in  a  suitable  vehicle  for  spinning  or 
shear  forming.  Silicone  oils,  heavy  petroleum- 
base  drawing  oils,  and  synthetics  have  been  com¬ 
monly  used  in  other  forming  operations  and  might 
be  considered  for  spinning. 

Most  grease- solid  mixtures  are  compounded 
as  relatively  heavy  greases  that  must  be  applied 
by  swabbing.  If  used  in  spinning,  a  heavy  build¬ 
up  on  the  tools  might  be  expected.  A  reduction 
in  the  viscosity  of  the  grease  should  help  if  this 
occurs. 

Specific  lubricants  that  have  been  used  on 
shear  forming  of  titanium  alloys  are  Esso's 
Nebula  No.  2  and  colloidal  graphite  in  a  petroleum- 
naphtha  vehicle.  These  have  been  used  at  forming 
temperatures  to  1300  F.<7'8) 

Tests  to  evaluate  the  coefficient  of  friction 
of  steel  rubbing  on  titanium  materials  at  room 
temperature  have  indicated  that  there  is  very  little 
benefit  from  the  use  of  lubricants.  The  un¬ 
lubricated  surface  had  a  coefficient  of  friction  of 
0.49.  The  most  successful  lubricants  were  the 
synthetic  long- chain  compounds  like  polyethylene 
glycol  (0.26),  polypropylene  glycol  (0.33)  and 
sugar  solutions,  molasses  (0.32),  honey  (0.32), 
and  maple  syrup  (0.  32).  It  is  doubtful  that  any 
of  these  lubricants  could  be  used  at  elevated 
temperatures. 

Spinning  required  the  use  of  a  circular  blank 
with  sufficient  material  to  complete  the  part  plus, 
generally,  some  allowance  for  trimming  after 
forming.  The  radius  for  the  blank  can  be  deter¬ 
mined  by  examining  a  section  through  the  complet¬ 
ed  part  and  measuring  the  total  length  of  material 
required  to  make  the  shape  starting  from  the  cen¬ 
ter  of  the  part  to  one  edge.  The  allowance  for 
trim  stock. is  added  to  this.  The  allowance  for 
trimming  should  be  a  minimum  of  1  inch.  The 
maximum  is  dictated  by  the  scrap  allowed  and  the 
swing  of  the  machine. 

Cone  shear  forming  requires  a  blank  with 
the  same  diameter  as  that  of  the  finished  part. 
Some  additional  allowance  for  trim  stock  is  desir¬ 
able  to  reduce  the  possibility  of  cracking  in  the 
edge  of  the  part,  which  is  likely  to  occur  when 
shear  forming  is  carried  to  the  end  of  the  blank. 
The  trim  allowance  should  be  at  least  equal  to  the 
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FIGURE  3-24.  1-2.  ROLLER  CONFIGURATION  FOR  SHEAR  FORMING*7) 


original  blank  thickness.  A  greater  allowance  is 
controlled  by  the  amount  of  trim  scrap  to  be 
accepted. 

Forward  tube  shear  forming  requires  a 
blank  with  an  inside  diameter  equal  to  the  diame¬ 
ter  of  the  finished  part.  The  length  of  the  tube 
blank  is  determined  by  the  length  of  the  finished 
part'  desired  and  the  reduction  to  be  accomplished. 
For  a  part  shear  formed  to  a  50  percent  reduc¬ 
tion,  the  length  of  the  blank  would  be  1/2  of  the 
finished  part  length.  Some  allowance  for  trim 
should  bo  made  in  forward  shear  forming.  An 
allowance  of  1  inch  for  each  10  inches  of  finished 
length  is  normal  practice. 

Backward  tube  shear  forming  requires  the 
same  consideration  in  blank  development  as  for¬ 
ward  shear  forming.  The  same  reasoning  is 
,  used  in  selection  of  the  blank  length.  The  blank 
inside  diameter  is  the  same  as  the  finished- 
tube  diameter, 

3-24.3  BLANK  HEATING  METHODS 

For  elevated? temperature  spinning  or  shear 
forming,  the  mandrels  are. generally  heated. 

This  can  be  accomplished  by  electric- resistance 


cartridges  or  by  flames.  The  electric- resistance 
method  may  be  more  expensive  to  operate,  but 
provides  less  opportunity  for  contamination  of 
materials  that  tend  to  oxidize  readily.  The  ro¬ 
tating  contacts  that  transmit  current  to' the  man¬ 
drel  sometimes  limit  the  amount  of  power  that 
can  be  used. 

Flame  heating  of  the  mandrel  can  be  ac¬ 
complished  with  natural  gas  or  bottled  gas.  With 
this  practice,  mandrels  are  generally  hollow,  so 
the  fl&me  can  be  played  on  the  inside  surface  of 
the  mandrel.  Localised  overheating  must  be 
avoided  to  prevent  distortion  of  the  mandrel. 

The  blanks  are  generally  heated  with  a  torch 
that  applies  heat  locally  to  the  area  where  the  tool¬ 
ing  force  is  applied.  Very  close  control  must  be 
maintained  to  prevent  overheating  of  the  parts. 

The  proper  size  of  the  torch  depends  on  the  thick¬ 
ness  of  material  and  the  speed  and  feed  rate  of  the 
operation.  Blanks  for  spinning  small  parts  or 
thick  parts  can  be  heated  in  a  furnace  and  then 
transferred  to  a  lathe  for  spinning.  The  limita¬ 
tions  of  this  type  of  operation  are  determined  by 
the  time  required  for  the  spinning  operation. 
Shear-forming  operations  generally  take  longer, 
so  that  only  thick  blanks  permit  using  this 
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technique.  Torch  heating  is  the  accepted  prac¬ 
tice  for  shear-forming  sheet  metal.  The  selection 
of  the  proper  temperature  for  shear  forming  is 
also  influenced  by  the  temperature  rise  associated 
with  deformation  at  the  tool  point. 

Blanks  can  also  be  heated  by  radiation  from 
resistance  units  located  around  the  part.  This 
technique  works  well  on  tubing  or  preforms  that 
are  to  be  shear  formed,  but  is  difficult  to  control 
when  processing  flat  blanks. 

3-24.4  SPINNING  AND  SHEAR  FORMING  LIMITS 

During  spinning,  the  metal  blank  is  subjected 
to  bending  forces  along  the  axis  of  spinning  and 
compression  forces  tangential  to  the  part.  Dif¬ 
ficulties  are  encountered  with  elastic  buckling 
when  the  ratio  of  the  depth  of  the  spun  part  to 
the  thickness  of  the  metal  becomes  too  great. 
Elastic  buckling  occurs  in  the  unspun  flange  of 
the  part. 

The  ratio  of  depth  to  diameter  of  parts  that 
can  be  .produced  by  spinning  is  limited  by  plastic 
buckling.  This  i»related  to  the  material  proper¬ 
ties  in  terms  of  the  ratio  of  tensile  modulus  to  the 
ultimate  tensile  strength.  (10)  Exceeding  the  for- 
mability  limits  causes  shear  splitting  or  circum¬ 
ferential  splitting. 

Typical  spinning-limits  curves  are  shown  in 
Figures  3-24.4-1  and  3-24.4-2.  Within  the  en¬ 
velop,  good  parts  can  be  made;  failures  will  occur 
by  plastic  buckling  if  the  height-to- radius  ratio 
(H/R)  becomes  too  large,  and  failure  by  elastic 
buckling  will  occur  if  the  height- to- thickness 
(H/T)  becomes  too  large.  The  position  of  the 
curves  will  vary  according  to  the  properties  of  the 
material  and  the  forming  temperature. 

Table  3-24.4-1  gives  some  formability  limits 
for  manual  spinning  the  Ti-6A1-4V  and  T1-13V- 
llCr-3Al  alloys  at  room  temperature.  They  are 
expected  to  hold  for  relatively  small  forces  and 
limited  amounts  of  thinning.  The  data  show  that 
spinnability  is  favored  by  smaller  ratios  of  blank 
diameter  to  sheet  thickness.  Neither  material 
will  withstand  very  severe  deformation  at  room 
temperature.  For  example,  the  limit  for  a  3- 1 /fl¬ 
inch-  diameter,  1/8-inch-thicfc  blank  of  Ti-6A1-4V 
alloy  appears  to  be  a  flat  cup  2.6  inches  in  diame¬ 
ter  and  0.  365  inch  high. 

Figure  3-24,4-3  shows  the  effect  of  tem¬ 
perature  on  the  parameter  (compression  modulus/ 
compression  yield  strength)  that  controls  elastic 
buckling.  For  both  alloys,  the  change  toward 
better  formability  starts  around  1000  F  and  in¬ 
creases  rapidly  around  1400  F.  The  latter  tem¬ 
perature  is  approximately  the  highest  temperature 
that  can  be  used  without  degrading  the  properties 
of  the  alloys.  The  total  time  required  for  forming 


FIGURE  3-24.4-1.  ANALYTICAL  EXTENSION  OF 
SPINNING- LIMIT  CURVE  FOR  Ti-8A1- 
lMo-lV  ALLOY'11' 


FIGURE  3-24. 4-2.  ANALYTICAL  EXTENSION  OF 
SPINNING-LIMIT  CURVE  FOR  Ti-  13V- 
l!Cr-3Al  ALLOY'11' 


may  also  influence  the  choice  of  spinning  tem¬ 
perature. 

Based  on  very  few  data,  it  is  believed  that 
the  parameter  controlling  plastic  buckling  (elastic 
modulus  /ultimate  strength)  does  not  change  in 
titanium  alloys  at  temperatures  below  1000  F. 

Commercially  pure  and  alloy  titanium  have 
been  shear  formed  at  room  temperature  and  at 
elevated  temperature.  For  reductions  greater 
than  15  percent  for  cones  and  50  percent  for  cylin¬ 
drical  sections,  elevated  temperatures  are  desir¬ 
able.  In  shear  forming  of  titanium,  the  ratio  bet¬ 
ween  the  strength  of  the  material  being  formed  and 
die  applied  shear-forming  stresses  is  critical. 

The  strength  of  titanium  changes  significantly  with 
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0  TI-8AI-IM0-IV 
a  TI-8AI-IM0-IV 
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O  TM3V-IICT-3AI 


f 2090  A. 

32300 


400  800  1200  1600 

Temperature,  F 


FIGURE  3-24.  4-3.  EFFECT  OF  TEMPERATURE 
ON  ELASTIC-BUCKLING  LIMIT  IN  SPIN¬ 
NING*11) 


TABLE  3-24.4-1.  FORMABILITY  LIMITS  FOR  MANUAL  SPINNING  OF  FLAT- 
BOTTOM  CYLINDRICAL  CUPS  AT  ROOM  TEMPERATURE'10' 


Limiting  Ratio  for  Alloys  Indicated**) 
Blank  Diameter/  Cup  Height/ 

Thickness,  Blank  Diameter/  Cup  Diameter  Cup  Pianfictcr 

inch _ Sheet  Thickneaa  AMS  4911  AMS  4917  AMS  4911  AMS  4917 


0.020 

25 

1.3 

1.2 

0.22 

0. 14 

50 

1.3 

1.2 

0.  22 

0. 14 

100 

1.2 

1.2 

0. 14 

0.  14 

150 

1.2 

l.  1 

0.  14 

0.  07 

200 

1.  J 

— 

0.07 

— 

0.  063 

25 

1.3 

1.2 

0.22 

0.  14 

50 

1.2 

1.2 

0. 14 

0.  14 

0.  125 

25 

1.2 

1.2 

0.14 

0. 14 

50 

1.  1 

-- 

0. 07 

— 

(a)  Alloya  AMS  4911  and  AMS  4917  contain,  respectively,  T1-6A1-4V  and  Ti-13V- 
llCr-3Al. 

a 

The  term  cup  diameter  refers  to  the  inside  diameter;  the  cup  height  is  baaed 
on  the  outside  dimension. 


3-24:67-6 


relatively  small  changes  in  temperature  within  the 
elevated-temperature  working  range,  so  that  it  is 
necessary  to  control  the  temperature  within  35  F 
or  less. 

Elevated-temperature  shear- forming  oper¬ 
ations  have  been  conducted  at  temperatures  from 
400  to  1600  F,  depending  on  the  alloy  being  form¬ 
ed.  Typical  forming  temperatures  for  several 
alloys  are  given  as  follows:(®>^*^ 


Material 


Commercially  pure 

Ti-5Al-2.5Sn 

Ti-6A1-4V 

Ti-  13V-  llCr-3Al 


Shear-Forming 
Temperature,  F 

600  to  1000 
1200  to  1400 
1100  to  1200 
1600  to  1800 


FIGURE  3-24.4-4.  GEOMETRIC  RELATIONS  IN 
CONE  SHEAR  FORMING^14) 

TABLE  3-24.  4-2.  REDUCTIONS  IN  SHEAR- 
FORMED  CONES<15) 


The  percentage  reduction  of  material  thick¬ 
ness  during  cone  shear  forming  is  a  function  of 
the  part  shape  and  is  related  by  the  "sine  law". 
Figure  3-24.4-4  shows  the  geometric  measure¬ 
ments  that  are  important  for  shear  forming  a  cone. 
The  sine  law  states  that  the  final  thickness  is  re¬ 
lated  to  the  initial  thickness  of  the  blank  by  the 
sine  of  the  half  angle  of  the  cone: 

T  =  T^  5t  sin  a/2  , 

where 

T  =  the  final  thickness,  inches 

T^  =  the  initial  blank  thickness,  inches 

a  a  the  included  angle  of  the  cone,  degrees. 

The  percentage  reduction  is  therefore  related  to 
the  sine  of  the  half  angle  of  the  cone  as  follows: 

R  =  100  (1  -  sin  a/2)  , 

where 

R  -  the  percentage  reduction. 

The  sine  law  also  applies  to  shapes  other 
than  a  cone,  with  the  final  thickness  at  any  given 
point  along  the  part  being  determined  by  the  angle 
the  part  makes  with  the  axis  at  that  point.  The 
forming  of  a  hemisphere  would  consequently  re¬ 
sult  in  a  variation  of  thickness,  with  the  bottom  o l 
the  hemisphere  the  same  thickness  as  the  blank 
and  the  edge  being  the  thinnest  section.  The 
limiting  reductions  will  depend  on  the  ductility 
of  the  material  at  the  forming  temperature. 

Typical  reductions  for  cone  forming  of  annealed 
titanium  alloys  are  given  in  Table  3-24.  4-2. 

As  shown  in  Figure  3-24.4-5,  shear  forming 
of  tubes  can  be  of  two  basic  types:  forward  ant! 
backward.  In  forward  tube  shear  forming ,  the 


Formed  at  Room  Temperature 


Alloy 

Number  of 
Passes 

Total 

Reduction, 

percent 

Ti-4AI~3Mo-lV 

1 

60 

Ti-  6Al-6V-2Sn 

1 

40 

Ti-  6A1-4V 

3 

80 

Ti- 1 3V-  i  lCr-  3A1 

4 

58 

material  flow*  in  the  same  direction  as  the  tool 
motion,  usually  toward  the  headstock.  In  back¬ 
ward  shear  forming,  the  material  flow  is  opposite 
to  the  roller  travel — usually  toward  the  tailstock. 


FIGURE  3-24.4-5.  SCHEMATIC  OF  TUBE  SHEAR 
FORMING^16* 

In  shear  forming  of  tubing,  the  basic  sine 
law  of  shear  forming  cannot  be  applied.  The 
maximum  permissible  reduction  for  ductile  ma¬ 
terials  depends  on  the  state  of  stress  in  the  de¬ 
forming  area  and  the  material  properties.  The 
maximum  reduction  can  be  predicted  from  the 
tOhsiie  reduction  in  area  both  for  cone  and  tube 
shear  forming The  experimental  data  shown 
in  Figure  3-24.  4-6  indicate  that  »  maximum 
shear-forming  reduction  of  about  80  percent  re¬ 
quires  a  tensile  reduction  in  area  value  of  50 
percent.  Beyond  this  tensile  reduction  value. 


(8)  "Spinning  of  Titaniun.  and  Its  Alloys",  Memor¬ 
andum  Report  frc.yi  Titanium  Metallurgical 
Laboratory,  Battelle  Memorial  Institute 
(May  6,  1957). 


O 


there  is  no  further  increase  in  formability.  Ma¬ 
terials  with  a  reduction  in  area  less  than  50  per¬ 
cent  require  consideration  of  their  ductility  to 
determine  formability. 


Tensile  Reduction  of  Area,  percent 
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FIGURE  3-24.4-6.  MAXIMUM  SHEAR-FORMING 
REDUCTION  IN  TUBES  OF  VARIOUS 
MATERIALS  AS  A  FUNCTION  OF  TEN¬ 
SILE  REDUCTION  IN  AREA<17> 
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3-25  Dimpling 


3-25.0  INTRODUCTION 

Dimpling  is  a  process  for  producing  a  small 
conical  flange  around  a  hole  in  sheet- metal  parts 
that  are  to  be  assembled  with  flush-  or  flat¬ 
headed  fasteners.  The  process  is  often  used  for 
preparing  fastener  holes  in  airframe  components 
because  the  flush  surface  reduces  air  drag.  Dimp¬ 
ling  is  most  commonly  applied  to  sheets  that  are 
too  thin  for  countersinking.  Since  drilled  holes 
have  smoother  edges  than  punched  holes,  they  are 
more  suitable  for  dimpling.  Sheets  are  always 
dimpled  in  the  condition  in  which  they  arc  to  be 
used  because  subsequent  heat  treatment  may  cause 
distortion  and  misalignment  of  the  holes. 

The  ram- coining- dimpling  process  is 
most  common,  although  dimples  have  been  pro¬ 
duced  at  room  temperature  by  swaging.  In  this 
process,  pressure  in  excess  of  that  required  for 
forming  is  applied  to  coin  the  dimpled  area  and 
reduce  the  amount  of  springback. 

3-25.  1  EQUIPMENT  SETUP  AND  TOOLING 


The  choice  of  the  size  of  ram- coining- 
dimpling  equipment  depends  on  the  pressures 
needed  to  deform  the  sheet,  A  guide  in  choosing 
size  ranges  for  dimpling  machines  needed  to  pro¬ 
duce  dimples  for  various  rivit  and  screw  sizes 
is  ^iven  below.  M 

Dimpling-  Pressure 

_ Size _  Capacity,  lb 


3/32-  to  1 /8-inch  rivets 
5/32-inch  rivet 
3/16-inch  rivet  and  screw 
1 /4-inch  rivet  and  screw 
5/16- inch  screw 


Up  to  10,000 
10,000  -  20,000 
15,000  -  25,000 
18,000  -  40,000 
25,000  and  up 


The  actual  pressures  vary  according  to  the  sheet 
thickness  being  dimpled.  The  limits  of  a  20, 000- 
pound- capacity  dimpler  for  various  thicknesses  of 
sheet  are  shown  in  Table  3-25.  1-1.  Dimpling 
sheet  thicknesses  above  the  maximum  given  for 
each  fastener  size  will  require  a  change  in  punch 
and  die  geometry  as  well  as  an  increase  in  the 
diameter  of  the  pilot  hole. 

A  typical  sequence  of  operations  for  dimpling 
is  shown  in  Figure  3-25.  1-1.  The  five  positions 
shown  for  a  triple- action  ram- coin  dimpling  ma¬ 
chine  are  the  approach,  preform,  coining,  end  of 
stroke,  and  retraction. 


Titanium  alloys  must  be  dimpled  at  elevated 
temperatures.  The  practical  optimum- 
temperature  limit  is  1200  F,  which  is  about  the 
highest  temperature  at  which  tool  steels  may  be 
used  as  die  materials.  If  dimpling  must  be  done 
at  higher  temperatures,  the  use  of  high-strength, 
high-temperature  alloys  or  ceramic  tooling 


materials  is  required  to  prevent  deformation  of 
the  die  materials  during  dimpling. 

Elevated-temperature  dimpling  is  usually 
done  with  heated  dies,  the  sheet  to  be  dimpied 
being  heated  by  contact  with  the  dies,  as  shown  in 
Figure  3-25.  1- 1.  Conduction-heated,  ram-coin 
tooling  may  be  used  for  temperatures  up  to  1000  F. 
Resistance-heated-dimpling  equipment  is  used  for 
higher  temperatures.  The  tooling  consists  of  a 
solid  die  and  a  two-piece  punch  assembly.  The  die 
is  made  of  high-temperature-resistant  steel.  The 
punch  cone  is  a  composite  of  Kentanium  and  steel 
base.  The  pad  is  a  special,  high-alumina  composi¬ 
tion.  The  strap  heaters  v/i  ■  e  used  to  heat  the 
punch  pad  and  die,  to  reduce  heat- sink  effects,  and 
to  eliminate  thermal  shock  on  the  pad.  The  dies 
may  also  be  heated  by  induction,  and  such  systems 
have  been  produced  by  one  or  more  suppliers  of 
dimpling  dies. 

One  fabricator  described  a  triple-action 
machine  that  has  a  maximum  die  temperature  A 
1000  F  and  a  constant  forming  rate,  and  a  second 
machine,  of  the  double-action  design,  in  which  the 
dies  may  be  heated  to  800  F. 

TABLE  3-25.  1-1.  LIMITS  OF  DIMPLING  TI¬ 
TANIUM  SHEET  FOR  AN426-TYPE 
RIVETS  ON  \  20,000-  POUND-CAPACITY 
MACHINE*  *>(l) 


Fastener 

Designa¬ 

tion 

Diam¬ 

eter, 

inch 

Sheet  Thickness,  inch 

Unalloyed 

Titanium 

Ti-8Mn  Alloy 

AN426-3 

3/32 

0.016  -  0.  063*b) 

0.025  -  0.063 

-4 

1/8 

0.016  -  0.063 

0.025  -  0.071 

-5 

5/32 

0.  020  -  0.  063 

0.025  -  0.071 

-6 

3/16 

0.020  -  0.063 

0.025  -  0.071 

-8 

1  '4 

0.025  -  0.063 

0.025  -  0.071 

(a)  Thicker  sheet  must  be  dimpled  with  equip¬ 
ment  having  a  larger  capacity. 

(b)  Dimpled  using  20, 000- pound- capacity  ma¬ 
chine,  Model  CP450EA,  Chicago  Pneumatic 
Tool  Company. 

3-25.2  MATERIAL  PREPARATION 

As  for  other  bending  operations  with  titanium 
and  its  alloys,  factors  that  permit  maximum  form- 
ability  are  consistent  yield  strengths  from  sheet 
to  sheet,  minimum  thickness  and  flatness  varia¬ 
tions  between  sheets,  and  high-quality  surface 
finishes.  *4> 

The  quality  of  the  drilled  pilot  hole  haa  an 
important  influence  on  the  success  of  dimpling. 
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Position 

I 


Position 

2 


Position 

3 


Position 

4 


Position 


5 


liiiVni 


vw\ 


o.  Approach 


Shoot  Is  positions^  with  punch  pilot  in  pilot 
holo  J ni  4lo  ossorr.blr  is  coming  dawn  to 
contoct  position;  l»*.o^in%  farce  on  coining 
rom  is  ot  prosolocto^  value 


b.  Preform 


Oio  at  tembly  hos  just  contacted  wnrb,  and 
timed  hooting  slots  Is  hoginning;  controlled 
preforming  prossoro  is  incroosing  to  portiol* 
ly  form  dimple  nn*  to  furthor  see  >1  oral* 
hoot  transfer 


c.  Coining 


Timed  ‘Preform*  slogs  hos  ended,  end  finol 
coining  stogo  begun;  downward  movement 
of  die  ossomhly  Is  crootlng  firm  gripping 
action  between  die  and  pad  faces  in  area 
around  dimple,  preventing  outward  flow  of 
material  as  dimpla  is  coined;  coining  ram 
controls  halo  stretch  and  bolancos  Interne! 
strains,  eliminating  radial  and  internal 

_ rircsjMrii _ 


d.  End  of  Stroke 


Dimpla  Is  new  fully  farmed;  the  confining 
action  of  pad  face,  die  face,  and  colnl'ig 
ram  has  farced  material  into  exact  con* 
formation  with  teal  geometry 


e.  Retraction 

As  die  assembly  retro.* ts  to  storting  position, 
load  on  pressure  pod  raises  pressure  pod 
to  storting  position  am!  strips  dimple 
from  punch  cane 

f.  Resuit 

Minimum  sheet  stretch,  minimum  hale  stretch, 
mexlmurn  definition,  improved  nesting 


FIGURE  3-25.  1-1.  SEQUENCE  OF  OPERATIONS  IN  TRIPLE- ACTION  RAM-COIN 
DIMPLING(2) 


The  holes  must  be  smooth,  round  and  cylindrical, 
and  free  of  burrs.  Hand  drilling  is  not  recom¬ 
mended.  Burrs  or  wire  edges  remaining  around 
the  holes  may  be  detached  during  dimpling  and 
lodge  on  '  punch  or  die. 

Pilot-hole  sizes  should  conform  to  speci¬ 
fications  applicable  to  aluminum  alloys.  The  pilot 
holes  should  be  drilled  with  stub  drills  designed 
for  titanium  that  conform  to  the  Aircraft  Indus¬ 
tries  Association  drill  purchasing  specification. 
Such  drills  produce  holes  with  straight  sides  that 
are  satisfactory  for  dimpling. 

Care  must  be  taken  in  deburring  holes  for 
dimpling.  Because  of  the  notch  sensitivity  of 
titanium,  only  the  material  turned  up  by  the  drill 
at  the  edges  of  the  hole  should  be  touched  and  re¬ 
moved.  Hand  deburring  with  a  countersink  cutter 
has  proven  satisfactory.  Power-driven  counter¬ 
sinks  that  chatter  are  not  satisfactory  since  chatter 
marks  are  potential  sources  of  radial  cracks. 


A  power- driven  deburring  tool  has  been  used 
successfully  in  production  with  titanium.  The  tool 
is  mounted  in  the  chuck  of  a  1000- rpm  pneumatic- 
drill  motor,  and  a  microstop  is  adjusted  to  cut 
the  burr  flush  with  the  sheet  surface.  Such  a  ma¬ 
chine  produces  a  satisfactory  deburr  and  leaves  a 
smooth  hole  edge. 

Dimpling  at  both  room  and  elevated  tempera¬ 
tures  with  titanium  and  its  alloys  is  accomplished 
without  lubricants. 

3-25.3  DIMPLING  LIMITS 

As  would  be  expected  in  a  press-die-forming 
operation  of  this  kind,  the  permissible  deformation 
depends  on  the  ductility  of  the  titanium.  Tht 
amount  of  stretching  required  to  form  a  dimple 
varies  with  the  head  diameter,  D,  of  the  fastener, 
the  rivet  diameter,  2R,  and  the  bend  an.qle,^  .  The 
parameters  for  a  dimple  are  shown  in  Figure 
3-25.  3-1.  If  the  ductility  of  the  material  is 
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FIGURE  3-25.  3-1. 

ling(5> 


PARAMETERS  FOR  DIMP- 


FIGURE  3-25.  3-2.  RELATIONSHIP  BETWEEN 
ELONGATION  AND  TEST  TEMPERA¬ 
TURE  AS  DETERMINED  IN  TENSILE 
TEST(6) 


insufficient  to  withstand  forming  to  the  intended 
shape,  cracks  will  occur  radially  in  the  edge  of 
the  stretch  flange  or  circumferentially  at  the  bend 
radius.  The  latter  type  of  failure  is  more  pre¬ 
valent  in  thinner  sheet.  Radial  cracks  are  more 
common  in  thick  stock. 


FIGURE  3-25.3-3.  THEORETICAL  RELATION¬ 
SHIP  BETWEEN  RATIO  H/R  AND  BEND 
ANGLE  FOR  THE  DIMPLING  OF  TWO 
TITANIUM  ALLOYS*6* 

titanium  alloys  dimpled  at  room  temperature. 

Bend  angles  above  and  below  the  standard  40- 
degree  angle  are  given.  Other  conditions  of  heat 
treatment  and  dimpling  at  elevated  temperatures 
would  necessitate  the  use  of  other  dimpling  limits. 

The  temperatures  in  Table  3-25.  3-2  are 
suggested  for  dimpling  commercially  pure  titanium 
sheet  and  for  several  titanium  alloys.  Dimpling, 
under  certain  conditions,  can  be  done  at  somewhat 
lower  temperatures,  but  the  springback  will  be 
greater  and  more  erratic,  higher  forming  pres¬ 
sures  will  be  needed,  and  the  possibility  of  failure 
by  cracking  is  greatly  increased. 

3-25.  4  SELECTED  REFERENCES  ON  DIMFLI'^C 


Figure  3-25.  3-2  shows  the  relationship 
between  elongation  and  temperature  for  the  Ti- 
8A1-1MO-1V  and  the  Ti- 13V-llCr-3Al  alloys. 
Temperatures  above  1200  F  must  be  used  for 
dimpling  both  alloys. 

Figure  3-25.  3-3  shows  the  theoretical 
relationship  between  the  H/R  ratio  and  the  bend 
angle,  a ,  foi  the  Ti-13V-llCr-3Al  and  the  Ti- 
8AI-IM0-IV  alloys  at  room  temperature,  1200 
F ,  and  2000  F.  The  Ti-  13V- 1  lCr-  3A1  alloy  can 
be  more  readily  formed  at  all  three  temperatures 
than  the  Ti-8A1-  lMc-  IV  alloy.  Good  parts  can  be 
formed  for  conditions  under  the  curves,  while 
split  parts  can  be  expected  for  conditions  above 
the  curves.  The  major  failure  in  dimpling  is 
caused  by  simple  tension.  *6* 

Table  3-25.  3-1  gives  dimpling  limits  for 
radial  splitting  at  the  edge  of  the  hole  for  two 
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TABLE  3-25.  3-1  DIMPLING  LIMITS*6’7* 
Radial  Splitting  at  Edge  of  Hole 


Material 

Condition 

Dimpling  Limits,  H/R 

Dimpling  For  Various  Bend  Angles,  or, 

Tempera-  Above  and  Below  Standard  Bend  Annie 

ture  >  (Standard) 

F  30*  35'  40*  45'  50' 

Ti-6A1-4V 

Mill  annealed 

RT  2. 00 

1.5  1.17 

0.92 

0.  74 

Ti-  13V- 1  lGr-3Al 

Aged  900  F 

RT  1.58 

1.17  0.91 

0.73 

0.60 

Ti-8Al-lMo-lV 

Duplex  annealed 

RT  1.63 

1.42  1.08 

0.82 

0.  70 

Ti-13V-l.(Cr-3Al 

Solution  annealed 

120C  2.58 

1.95  1.48 

1.  15 

0.96 

Ti-8A1-  IMo-  IV 

Duplex  annealed 

1200  2.  30 

1.72  1.30 

1.00 

0.85 

TABLE  3-25.3-2. 

SUGGESTED  TEMPERATURES  FOR  HOT  DIMPLING  OF  TI- 

TANIUM  AND  ITS  ALLOYS*8* 

Temperature, 

Alloy 

Condition 

F 

Remarks 

Commercially 

500-600 

Ti-8Mn 

725-775 

0.  025  0.  091-inch 

-thick 

sheet 

Ti-6A1-  IMo-  IV 

750 

0.  022  to  0.  063-iuch 

-thick 

sheet 

T1-6A1-4V 

Mill  annealed 

900 

1300-1350 

Ti-5Al-2.5Sn 

1600-1800 

T1-4A1-3MO-1V 

Annealed  (ST) 

>1000 

Aged  (STA) 

>1000 

Special  tooling  required; 

maximum  thickness. 

0.  045  inch 

Ti-4Al~3Mo-lV 

Aged 

1300-1350 

Zephyr  process 

Ti-2Al-6Mo-2V 

1200-1250 

Ti-2.  5A1- 16V 

600-800 

Ti-  13V-  llCr-3Al 

Aged,  900  F 

900 

T1-5A1-2.  75Cr- 

Solution 

600 

1,  25Fe 

heat  treated 

Aged 

1200 

Ti-13V-llCrr3Al 

Solution 

600 

heat  treated 

3-26  Jostling 
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3-26.0  INTRODUCTION 

A  joggle  is  an  offset  in  a  flat  plane  produced 
by  two  parallel  bends,  in  opposite  directions,  at 
the  same  angle.  Joggling  permits  flush  connec¬ 
tions  to  be  made  between  sheets,  plates,  or  struc¬ 
tural  sections.  The  bend  angle  for  joggles  is 
usually  less  than  45  degrees,  as  indicated  in  Figure 
3-26.0-1.  Because  the  bends  are  close  together, 
the  name  flange  will  contain  shrunk  and  stretched 
regions  in  close  proximity  to  each  other.  The  two 
types  of  deformation  tend  to  compensate  for  each 
other. 

3-26.  1  EQUIPMENT  SETUP  AND  TOOLING 

Joggles  may  be  formed  either  in  straight  or 
curved  sheet-metal  titanium  sections  by  a  variety 
of  techniques.  Drop  hammers  or  power  brakes 
with  special  joggle  dies  and  presses  are  often 
employed.  Hydraulic  presses  are  preferred  for 
joggling  at  elevated  temperatures  because  they 
simplify  control  of  pressure  and  dwell  time.  The 
joggles  usually  are  formed  either  by  a  wiping 
action  or  a  section  movement. 

Joggling  of  titanium  often  is  done  at  elevated 
temperatures.  Tool  steels  are  limited  to  service 
temperatures  below  approximately  1200  F.  For 
higher  temperatures,  tooling  constructed  from 
high-stres.gth,  heat-resistant  alloys  or  ceramic 
materials  must  be  used. 

Figure  3-26.  1-1  is  a  sketch  of  a  hot  joggle 
die  used  in  proliminary  studies  to  establish  joggle 
parameters.  The  joggle  pad  holder  is  made 
from  hot- rolled  steel,  The  Meehanite  joggle  pads 
(four  in  number)  have  four  electric  cartridge 
heaters.  The  pads  have  varying  radii  to  accomdate 
different  thicknesses  of  metal.  The  die  set  can  be 
used  for  temperature  up  to  1400  F  and  is  controlled 
by  a  thermocouple  to  *25  F. 

A  schematic  drawing  of  a  "universal  joggle 
die  is  shown  in  Figure  3-26,  1-2.  This  type  of 
tooling  requires  an  additional  hydraulic  cylinder 
to  apply  horizontal  forces  to  clamp  the  side  of  the 
angle  specimen  to  the  die. 

3-26.2  MATERIAL  PREPARATION 

Surface  imperfections  such  as  scratches  and 
file  marks  must  be  avoided.  Blanks  for  joggling 
should  be  protected  by  interleaving  with  paper  or 
cardboard  to  minimize  scratching  of  the  sheet 
surfaces  during  handling. 

Lubricants  are  generally  used  in  the  pro¬ 
duction  joggling  of  titanium  sheet  metal.  Tests 
have  been  performed,  however,  at  temperatures 
ranging  from  that  of  the  room  to  1125  F  without 
the  use  of  lubrication.  Lubricants  containing 


a  =  joggle-bend  angle 
D  =  joggle  depth 
L  =  joggle  length  or  runout 
T  =  thickness  of  workpiece 
Rl  »  radius  on  joggling  block 
B.2  -  radius  of  bend  on  leading  edge 
of  joggle  block. 

FIGURE  3-26.0-1.  JOGGLE  IN  AN  ANGLE^ 

flake  or  powdered  graphite  have  been  used  for 
joggling  at  850  F.  One  such  eommerical  product 
is  Dag-41,  which  was  used  successfully  for  jog¬ 
gling  the  Ti-8Mn  alloy  at  850  F.  W  Lubricants 
containing  molybdenum  disulfide  also  are  used  for 
joggling  and  other  metal- forming  operations, 
especially  those  performed  at  elevated  tempera¬ 
tures.  Mineral  oil  and  other  oil  bas  s  containing 
various  additiv  s  are  used  at  room  temperature. 

3-26.3  BLANK- HEATING  METHODS 

Four  methods  are  used  for  heating  diet:  and/ 
or  sheet  stock  for  joggling.  '5'  They  are  integrally 
heated  dies,  radiant  heating,  resistance  heating, 
and  gas-torch  heating.  Gas-torch  heating  is  a  • 
good,  inexpensive  way  to  heat  dies  to  the  forming 
temperature,  but  is  not  recommended  for  blank 
heating.  Rather  than  preheating  them,  thin  work- 
pieces  are  often  heated  by  contact  with  hot  tools. 

The  use  of  cartridge-type  heaters  for  the 
heating  of  joggle  dies  was  illustrated  in  Figure 
3-26,1-1.  The  self-coivaineu  cartridge-type 
heaters  are  inserted  into  the  joggle- die  set.  Close 
temperature  control  is  possible  with  this  heating 
method.  Sometimes  both  the  sheet  and  the  dies 
are  heated  by  radiation;  quartz  lamps  have  been 
used  for  this  purpose. 

3-26.4  JOGGLING  LIMITS 

Relationships  can  be  established  between  the 
properties  of  the  workpiece  and  the  formt.bility 
limits  in  joggling.  The  common  types  of  failures 
in  joggling  are  buckling  and  splitting.  The  terms 
D,  L,  and  T  defining  the  geometry  of  the  joggle 
were  illustrated  in  Figure  3-26.0-1.  The  mechani¬ 
cal  properties  of  the  workpiece  needed  to  deter¬ 
mine  joggle  formability  are: 
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Joggl*  pads 


Spfing-lood  shop 


Sivti-bsse  plate 


- — Morinite  insulation 
—  Heater  location 


Steel- joggle-pad 

holder 

Heater 


Steel-joggle-pad  mount- 
spring  loaded 

Steel-Joggte-pad  holder 
Heater  location 
Spring  assembly 
Morinite  insulation 


FIGURE  3-26. 1-1.  JOGGLE-DIE  SET  DESIGNED  TO  OPERATE  UP  TO 
1400  F  *2) 


E  =  Young's  modulus  of  elasticity 

5Cy  =  yield  strength  in  compression  based  on 
the  original  cror^ -sectional  area 

*0.  02  =  conventional  strain  to  rupture  mea¬ 
sured  on  a  0.  02rinch  gage  length. 

Although  values  of  <0,02  are  n°l  commonly  re¬ 
ported  ,  they  can  be  determined  by  special  testb. 

If  the  mechanical  properties  are  known,  joggling- 
limit  curves  can  be  constructed.  Limits  deter¬ 
mined  in  that  way  for  the  Ti-13V-llCr-3Al  alloy 
are  given  in  Table  3-26.  4-1.  The  data  are  for 
joggling  under  conditions  where  P.j  =  6T,  and 
R2  -  0. 032  inch. 

Another  empirical  approach  may  be  used  to 
choose  joggle  dimensions.  *°)  The  length  or  run¬ 
out,  L,  of  the  joggle  can  be  determined  from  the 
following  formulas  and  the  factors  A,  B,  and  C 
given  in  Table  3-26.4-2. 

(1)  If  the  joggle  depth  is  greater  than  A,  the  length 
of  the  joggle  runout  equals  B  times  the  joggle 
depth  or  L  *  BD  (when  D  >  A). 

(2)  If  the  joggle  depth  is  less  than  A,  the  length  of 
the  joggle  runout  is  equal  to  the  square  root 
of  the  joggle  depth  times  the  quantity  C  minus 
the  joggle  depth,  or 

L  *  /b(C  -  D)  (when  D  <  A). 


TABLE  3-26.  4- 1.  JOGGLING  LIMITS  FOR 

SOLUTION- TREATED  Ti-13V-llCr-3A! 
ALLOY*1) 


D/L 

Buckling  Limit  for 
D/L  Indicated*®), 
D/T 

Corresponding 

Ratio, 

L/T 

0.05 

3.  55 

71 

0. 10 

2.  50 

25 

0.20 

1.76 

9 

0.  30 

1.45 

5 

0.50 

1. 15 

2.  3 

Splitting  C.  80 

limit 

Critical 

ratio 

• 

1.44 

(a)  These  limits  appear. to  be  based  on  the  per¬ 
formance  expected  for  a  material  with  an 
E/SCy  ratio  of  208  and  an  *0.  02  value  of  0.  23. 

(3;  For  joggles  in  flat  sheets,  the  projected  dis¬ 
tance  between  tangents  may  be  determined 
from  the  equation  for  reverse  curve  as  fol¬ 
lows: 

L  =  /D(4R2  +  2T  -  dJ  (see  Figure  3-26.  0-1). 

Additional  data  for  four  alloys  are  summari¬ 
sed  in  Table  3-26.4-3.  Springback  of  the 


3-26:67-3 


Rom  fore* 


Joggle -depth 
adjusting  shims 


Spring  loadsd 


Radius,  Rt 
Specimen 


Section  X-X 


Side -clamping 
vice  force 


Ti-2.  5A1-16V  alloy  at  the  minimum  joggle  length 
was  10  to  15  percent  greater  than  that  of  the  Ti- 
4A1-3MO-1V  alloy.  The  minimum  joggle  length 
of  the  alloy  is  roughly  half  that  determined  for 
the  Ti-4Al-3Mo-lV  and  the  Ti-2.  5A1-16V  alloys 
for  sheet  up  to  about  0.  063  inch  in  thickness.  For 
0.  090- inch-thick  oheet,  the  minimum  radii  are 
very  nearly  equal. 

Figure  3-26.4-1  is  a  composite  of  joggle  data 
on  three  titanium  alloys  in  which  joggle  depth  is 
plotted  against  joggle  length. 
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FIGURE  3-26.  4-  1.  JOGGLE  RELATIONSHIPS  FOR  THREE  SOLUTION- 
TREATED  TITANIUM  ALLOYS^) 


TABLE  3-26.  4«2.  FACTORS  FOR  ROOM- TEMPERATURE  JOGGLING  OF  TITANIUM  3-26:67-5 
ALLOYS*6* 


Alloy  Thickness**), 
_ inch _ 


Factor*  for 
Minimum  Bend 


Radii. 

R/T*b> 


Factor*  for  Minimum 

_ Joggle  Runout _ 

Joggle  Factov»*c)~ _ _ 

A/T _ B _ C/T 


Commercially  pure  titanium 


Through  0.  070  3 

Over  0.070  3-1/2 

4A1-3MO-1V  condition  ST 

Through  0.080  5-1/2 

Over  0.  080  6 

5A1-2.  5Sn 

Through  0.080  5-1/2 

Over  0.  080  6 

6A1-4V  condition  ST  7 

8  Mn 

Through  0.080  4 

Over  0,  080  5 

13V-llCr-3Al 

Condition  ST  3 


0.  54 

0.  62 


2.4 

3.6 


0.  92 

1.00 

0.81 


0.  69 
0.85 


1.4 


5 

5 


3 

3 


5 

5 

6 


5 

5 


3 


14 

16 


24 

26 


24 

26 

30 


18 

22 


14 


(a)  Condition  ST  is  the  solution- treated  condition. 

(b)  To  obtain  the  bend  radii,  multiply  R/T  value  in  the  table  by  material  thickness,  T. 

(c)  To  obtain  A  and  C,  multiply  A/T  and  C/T  values  by  material  thickness,  T. 

TABLE  3-26.4-3.  SUMMARY  OF  DATA  ON  JOGGLING  FOUR  SOLUTION- TREATED 
TITANIUM  ALLOYS*2'  7> 


Alloy 

Sheet 

Thickness, 
T,  in. 

Temperature, 

F 

Minimum 

Joggle  Length**), 
L,  in. 

Springback  at 
Minimum  Joggle 
Ratio,  percent 

Ti-4A1-  3Mo-  IV 

0.  040 

„ 

.. 

35 

0.063 

RT 

3.5D 

35 

0.090 

II 

4.25D 

~50 

0.063 

600 

3.0D 

— 

0.  090 

600 

3.5D 

— 

Ti-2. 5A1-16V 

0.040 

RT 

~45-50 

0.063 

it 

3.5D 

~45-50 

0.090 

it 

4.25D 

<—60-65 

Ti- 1 3V- 1  lCr-  3A1 

0.  025 

RT 

1.5D 

13 

0. 040 

it 

1.7D 

32 

0.063 

«i 

1.7D 

40 

0.090 

ii 

3.4D 

50 

RT 

II 


o 


Ti-5Al-2.75Cr-l.25F*  0.025 

0.040 

0.063 


n 


32.5 
46.  o 

46.5 


3-27  Hot  Sizing 


3-27.0  INTRODUCTION 

Hot  sizing  utilizes  the  creep-forming  princi¬ 
ple  to  produce  accurate  formed  parts  by  the  con¬ 
trolled  application  of  pressure,  temperature,  and 
time.  Horizontal  and  vertical  pressures,  usually 
(“•■(.plied  by  presses,  force  irregularly  shaped 
ptiris  to  assume  their  correct  shape  against  a 
heated  die.  The  pressure  is  normally  applied  in 
a  vertical  direction,  the  horizontal  force  results 
from  reaction  with  rogid  tooling.  The  pressures 
used  should  be  the  minimum  required  for  the  part, 
gage,  and  alloy.  Forces  which  approach  the  yield 
strength  of  the  material  at  the  forming  tempera¬ 
ture  are  required.  For  titanium  alloys,  a  tem¬ 
perature  of  950  F  or  above  is  usually  used.  The 
forming  tales  place  because  the  creep  strength  of 
the  material  has  been  lowered  below  the  level  of 
the  applied  stress. 

The  time  required  for  forming  varies  with 
the  alloy,  gage  of  material,  and  the  temperature 
of  the  tooling.  Most  operations  take  between  10 
and  30  minutes  to  completely  form  a  part.  The 
parts  are  removed  fre  m  tne  die  and  allowed  to 
cool  in  still  air  after  forming.  The  parts  retain 
the  room-temperature  shape  of  the  die  against 
which  they  were  formed,  with  suitable  allowances 
for  thermal  expansion  and  the  differential  in  ther¬ 
mal  expansion  between  the  part  and  the  tool  ma¬ 
terial. 

3-27.  1  EQUIPMENT  SETUP  AND  TOOLING 

In  the  selection  of  tooling  materials  for  hot 
sizing,  the  effect  of  cycling  the  tools  from  room 
temperature  up  to  1500  F  must  be  cinsidered. 

Most  tooi  steels  will  lose  their  strengths  at  this 
level,  and  the  application  may  justify  the  consider¬ 
ation  of  cuperalloys.  Tooling  material  that  softens 
or  distorts  in  service  is  of  little  use  in  sizing  oper¬ 
ations. 

Hot- rolled  steel  can  be  used  for  short  pro¬ 
duction  lots,  up  to  about  50  pieces,  provided  the 
sizing  temperature  does  not  exceed  1000  F. 

Quality- controlled,  high-silicon  cast-iron 
(Meehanite)  dies  can  be  used  for  medium- run 
parts  up  to  100  n, ,  .  r  at  temperatures  to  1100  F. 
Scaling  of  this  naU  i  <!  restricts  its  use  at 
higher  temperat  ires.  Tire  brushing  at  intervals 
of  35  to  50  parts  and  light  sand  blasting  of  the  die 
surface  after  100  parts  have  been  formed,  pre¬ 
vents  contamination  >  f  the  titanium  parts  during 
hot  sizing. 

Greater  quantities  of  parts  can  be  obtained 
from  tooling  made  of  quality- controlled  nodular 
cast  iron  {high- silicon,  nickel,  molybdenum 
nodular  cast  iron).  This  material  has  been  used 
at  temperatures  of  1700  F. 


Some  other  die  materials  that  have  shown 
promise  for  hot  sizing  are  given  in  Table  3-27.  1-1 
with  their  probable  limitations. 

The  use  of  ceramic  materials  for  dies  is  a 
rather  new  development.  One  of  these  materials 
is  a  castable  ceramic,  and  the  holes  for  heater 
wires  are  cast  into  the  die.  ^  The  ceramic  faces 
of  the  die  are  covered  with  stainless  steel  sheets 
about  0.  050  inch  thick.  Face  temperatures  higher 
than  1500  F  are  possible  with  these  tools. 

The  clam-shell  type  of  hot- sizing  press  may 
consist  of  a  number  of  units  incorporated  into  a 
single  base  and  frame.  They  may  be  purchased 
as  single  units  but  installed  side  by  side  so  that 
parts  up  to  40  feet  long  can  be  formed.  ^  This 
design  allow*  ‘he  use  of  multiple  sections  with  a 
single  long  d  ,  or  individual  use  of  each  section 
with  multiple  small  dies.  This  type  of  press  is 
shown  in  Figure  3-27.  1-1  with  che  part  and  dies 
used.  Each  unit  has  a  40  x  5-/-inch  platen  that  is 
.ipped  with  its  own  clam-  shell  top  closure  and 
for  hydraulic  clamps.  This  unit  can  be  used  to 
hot  size  parts  in  any  length  up  to  24  feet.  Hori¬ 
zontal  pressure  is  applied  through  the  five  hy¬ 
draulic  cylinders  located  in  the  rear  of  the  press. 
Thus  pressures  of  loO  tons  are  obtainable  with 
each  section.  The  horizontal  cylinders  will  apply 
a  maximum  pressure  of  75  tons  each  and  are  indi¬ 
vidually  controlled. 


FIGURE  3-27.  1-1.  HOT-SIZING  PRESS16’ 


In  the  absence  o'  hot-sizing  presses,  tooling 
can  be  made  that  will  lock  a  part  into  position  by 
driving  wedges  between  retaining  rings  and  the  dies 
as  shown  in  Figure  3-27.  1-2.  The  locked-up  die 
assembly  is  then  placed  into  a  furnace  at  the  de¬ 
sired  temperature  for  sizing.  After  the  desired 
temperature  ar.d  time  cycle  has  been  completed, 
the  assembly  is  removed  and  air  cooled.  This 
technique  has  the  advantage  of  using  existing  fur¬ 
nace  capacity  and  permits  the  use  of  an  inert 
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TABLE  3-27.  1-1.  SUMMARY  OF  TOOLING  MATERIALS  FOR  HOT  SIZING*1'2'3* 


Number 
of  Parts 

Temperature 
Limit,  F 

Remarks 

Ho.- rolled  steel 

<20 

1000 

Not  recommended  for  production 
tooling  because  of  scale 
problems 

Meehanite*a* 

<100 

1200 

Wire  brush  at  intervals  of  35  to 
50  parts;  light  sand  blast  after 
100  parts;  good  resistance  to 
oxidation 

l.odular  cast  iron!'3) 

>100 

1700 

Stabilized  HI 3 

200 

1000 

Type  310  stainless  steel 

200 

1500 

Type  RA330  stainless  steel 

>200 

1450 

Inconel 

>200 

1450 

Hastelloy 

>200 

1450 

Ceramic^) 

>1500 

Ceramic  dies  are  covered  with 
stainless  steel  sheets,  0.050 
inch  thick 

Modified  H13<d> 

>100 

1300 

Prehardened  to  R^.  32  to  36, 

(a)  Meehanite  is  quality-controlled,  high- silicon  cast  iron. 

(fc)  High-silicon,  nickel,  molybdenum  nodular  iron, 

(c)  Produced  by  Glasrock  Products,  Torrance,  California. 

(d)  A  chromium,  molybdenum,  vanadium  tool  steel  prou.ced  by  Columbia  Tool  Steel 
Company,  Chicago  Heights,  Illinois. 

k-  Hot -roiled  steel  _ 


q  Soiid- Btoo;  Fixture 


EtecfricolSy 

t»cted 

pk3tem 


b.  Cortour  -  Plote  Fixture 
Rom  or  ortxy  prtas  j  ^ 


Wedges 


r  Typos  C«sa  SttSuan  a  Wsdgs  He 

Arbor  Pri 

rx3'_? hot-sizing  TorTURES14’ 


d  Wedge  Hot-So.tg  Toot  on  Corventioro! 
Arbor  Press 


3-27:67-3 


atmosphere  around  the  part  and  tooling,  which 
reduces  scaling  ard  contamination.  However,  the 
attainable  pressure  in  any  one  direction  is  limited 
by  the  retaining- rs  strength  at  sizing  tempera¬ 
ture. 

3-27.2  HOT-SIZING  FORMING  LIMITS 

The  hot- sizing  process  is  used  only  for 
correcting  springback  in  parts  that  have  been 
formed  by  ether  processes.  Consequently,  no 
forming  limits  can  be  given.  The  removal  of 
springback  depends  on  two  factors:  time  and  tem¬ 
perature.  The  higher  the  temperature  the  shorter 
the  time  for  processing.  The  effect  of  tempera¬ 
ture  on  the  material  properties,  however,  limits 
the  maximum  useful  temperature.  The  force 
applied  to  the  part  during  hot  sizing  has  little 
effect  other  than  keeping  the  part  tight  against  the 
tooling.  Any  additional  pressure,  over  and  above 
this  requirement,  has  no  effect  on  the  part  and 
may  cause  deformation  of  the  tooling. 

3-27.  3  HOT-SIZING  CONDITIONS 


(2)  Peterson,  J.  J.  ,  a  d  Young,  S.  G.  ,  "Evalua¬ 
tion  of  New  H*gh  St.ength  Titanium  Sheet  Al¬ 
loys",  Chance  'ought  Aircraft,  Inc.  .  Dallas, 
Texas,  Contract  No.  NOas  58- 104c,  Pinal 
Engineering  Report,  No  E1R-13PI  (April 
15,  1961). 

(3)  Fink,  L.  J.  ,  and  Hall,  R.  F.  ,  "How  Forged 
Tool-Steel  Dies  Stop  Titanium  Springback", 

The  Iron  Age,  190  (21),  69-71  (No/ember  22, 
1962). 

(4)  Matey,  G.  J.  ,  "Forming  of  Titanium  Parts", 
Paper  presented  at  SAE  National  Aeronautics 
and  Space  Engineering  and  Manufacturing  Meet¬ 
ing,  Los  Angeles,  California  (October  5  to  9, 
1964). 

(5)  Hieronymus,  William,  "Ten-Month  Old  Whit¬ 
taker  Division  Titanium  Back  Log  2  Million", 
Metalworking  News  (January  16,  1967). 

(6)  Personal  Communications,  Boeing  Airplane 
Company  (October  21,  1964). 


In  operation  the  press  platens  are  kept  at 
a  temperature  of  1000  F  or  above  to  i  educe  the 
possibility  of  distortion  during  heating  and  cooling. 
Generally,  the  platens  are  healed  electrically  with 
integral  cartridge- type  heaters.  The  temperature 
is  controlled  by  thermocouples  embedded  in  the 
platens.  The  dies  are  preheated  to  the  forming 
temperature  before  they  are  placed  on  the  platens 
to  reduce  thermal  shock.  Dies  and  platens  are 
insulated  along  the  sides  to  prevent  undue  heat 
loss.  The  dies  are  maintained  at  the  desired 
temperature  by  heat  transfer  from  the  platens  and 
controlled  by  thermocuples  in  the  platens. 

The  time  at  temperature  is  more  important 
than  the  pressure  tn  not  sizing  parts.  For  Ti- 
8AI-IM0-IV  at  1450  F,  little  more  than  the  weight 
of  the  dies  is  necessary  to  form  the  part  to  final 
dimensions.  The  pressure  should  always  be  kept 
to  a  minimum  to  prevent  damage  to  the  dies.  Typ¬ 
ical  temperatures  and  times  for  sizing  a  number 
of  alloys  is  given  in  Table  3-27.  3-1. 

The  temperature  of  hot  sizing  is  generally 
as  high  as  is  compatible  with  the  tooling  and 
equipment  and  the  condition  of  the  alloy  being 
formed.  The  use  of  excessive  temperature  for 
a  heat-treated  alloy  will  result  in  structural  de¬ 
gradation  of  the  part. 
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TABLE  3-27.  3-1.  SUGGESTED  SIZING  CONDITIONS  FOR  A  NUMBER  OF  TITANIUM  ALLOYS*4’7  »8'9,  !0) 


Alloy 

Suggested  Sizing 
Temperature,  F 

Time  at 

Temperature,  min 

Remarks 

Unalloyed 

900-1000 

3 

Blank  heated  by  contact  with  heated  die 

Ti-8Mn 

900-.1000 

3 

Blank  heated  by  contact  with  heated  die 

Ti-SAl-2.  5Sn 

1200 

15 

0.  032-in.  -thick  sheet 

1200 

20 

0.  063-in.  -thick  sheet 

Ti-8Al-lMo-lV 

1450 

15 

Ceramic  dies  used 

Ti-3.25Mn-2.25Al 

1000 

3 

3000-psi  lateral  pressure 

950 

20 

1500-psi  lateral  pressure 

Ti-6A1-4V 

1200 

3-15 

0.  032-in.  -thick  sheet 

1200 

3-20 

0.063-in.  -thick  sheet 

Ti-  16V-2.  5A1 

600 

15 

0.040-in.  -thick  sheet 

Ti-  4A1-  3Mo- 1 V 

1075 

20 

0.037-in.  -thick  sheet,  solution  treated 
and  aged 

Ti-13V-llCr-3Al 

1100 

(a) 

0.  065-in,  -thick  sheet,  solution  treated; 
aged  after  sizing 

(a)  Time  at  temperature  not  stated,  but  presumed  to  be  10  to  20  minutes. 
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4-°.°  INTRODUCTION 

Considerable  use  of  joining  processes  is  an 
obvious  necessity  in  the  fabrication  of  almost  any 
product.  This  is  particularly  true  of  any  structure 
as  complex  as  the  airframe  of  an  aircraft.  All  air¬ 
frames  contain  a  mu.ltiplieaity  of  joints.  Histori¬ 
cally,  most  joint c  in  the  primary  structures  of 
aluminum  airframes  have  been  r  .ade  with  rivets  or 
other  types  of  mechanical  fasteners.  Although  some 
attempts  have  been  made  to  expand  the  use  of  other 
joining  methods,  the  basic  procedures  have  remained 
unchanged.  The  high-strength  aluminum  alloys  used 
in  past  and  current  airframes  are  not  easily  welded. 
Welded  joints  in  these  alloys  also  have  been  suspect, 
with  seme  justification,  since, reliability  with  some 
joining  methods  is  poor  and  other  methods  result  in 
degraded  properties. 

The  importance  of  being  able  to  employ  speci¬ 
fic  joining  procedures  for  the  fabrication  of  a  given 
aircraft  is  difficult  to  measure.  The  advantages  of 
using  a  particular  joining  method  can  be  offset 
by  compromises  in  design  allowables,  range,  pay- 
load,  and  many  other  factors.  Some  aircraft  designs 
ar*  obviously  more  sensitive  to  the  exact  joining 
procedures  Uiat  are  proposed  than  are  others.  In 
the  proposed  titanium  airframes  for  advanced  air¬ 
craft,  it  appears  that  the  use  of  joining  techniques 
other  than  mechanical  fastening  for  many  of  the 
required  joints  offers  the  best  approach  to  obtaining 
a  minimum  Aircraft  weight. 

The  joining  processes  that  have  been  proposed 
for  use  on  advanced  titanium  airframes  are  good 
selections  for  the  intended  use.  Welding  of  the 
BAl-lMo-lV  titanium  alloy,  which  is  likely  to  be 
employed  extensively,  is  readily  accomplished. 

More  data  are  needed  on  weld- joint  properties. 
Imagined  or  real  difficulties  with  the  proposed 
approaches  are  likely  to  be  encountered  in  any 
program  comparable  in  complexity  to  high- 
performance- aircraft- development  programs.  Po¬ 
tential  problem  areas  appear  to  be  well  recognized, 
and  s  start  has  been  made  to  determine  whether 
any  significant  problems  do  exist.  ' 

4-0.  1  JOINING  PROCESSES 

Many  individual  joining  processes  may  be 
used  in  fabricating  a  titanium  airfrsme.  The 
individual  processes  have  been  grouped  together 
for  discussion  under  appropriate  headings  as 
follows:  {1)  welding,  (2)  brazing,  (3)  metallurgical 
bonding,  (4)  adhesive  bonding,  (5)  mechanical 
fastening.  The  first  four  types  of  joining  processes 
produced’ permanent  joints.  Thus,  replacement  or 
repair  requires  removal  of  an  entire  unit  or  local 
cutting  and  rework.  Mechanical  fasteners  are  used 
for  joints  that  may  be  either  permanent  or  semi¬ 
permanent.  Mechanical  fasteners  are  always  used 


used  in  joints  that  have  to  be  taken  apart  periodically 
and  in  major  assembly  breaks. 

Of  the  five  types  of  joining  processes  being 
considered,  only  welding  is  markedly  sensitive  to 
the  choice  of  titanium  alloy.  The  remaining  pro¬ 
cesses  can  be  applied  to  titanium  alloys  with  about 
the  same  degree  of  success  regardless  of  the  specific 
alloy  selected. 

Available  information  on  each  joining  process 
is  covered  in  more  detail  in  the  sections  that  follow. 
In  each  section,  the  important  factors  pertinent  to 
the  joining  of  titanium  by  the  process  being  discussed 
are  covered.  Background  information  about  the 
process  itself  is  also  included  for  completeness. 

4-0.2  WELDING 

Welding  processes  can  be  used  extensively  to 
joi..  major  components  of  high-performance  titanium 
airframes.  The  selection  of  welding  for  these  uses 
comes  about  for  several  reasons: 

(1)  Welding  is  a  low-cost  joining  method 

(2)  Welding  is  a  particularly  suitable  joining 
method  for  certain  titanium  alloys 

(3)  Welding  results  in  a  minimum- weight 
aircraft  structure 

(4)  Weld  joints  are  generally  strong  and 
leaktight. 

The  suitability  of  any  material  for  use  in  a 
welded  structure  (weldability)  is  very  dependent 
on  service  conditions.  Weldability  by  definition 
involves  two  distinct  criteria: 

(1)  The  ability  to  physically  produce  a  welded 
joint 

(2)  Satisfactory  performance  of  the  welded 
part  in  the  intended  service. 

Very  few  titanium  alloys  fail  to  meet  the  first 
weldability  criterion.  The  ability  to  meet  the  second 
criterion  C3n  only  be  demonstrated  by  performance 
in  service.  However,  a  good  estimate  of  the  second 
weldability  criterion  can  be  obtained  from  careful 
planning  and  test  programs  designed  to  simulate 
characteristics  critical  to  performance. 

In  an  airframe,  it  is  believed  that  the  critical 
characteristics  from  a  weldability  standpoint  are: 

(1)  Mechanic  at- property  stability  over  the 
design  temperature  range  for  the  air¬ 
frame  lifetime 

(2)  Fatigue  and  fracture  propagation  char¬ 
acteristics  of  welded  joints. 
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4-0,  2.1  Basic  Processes 

The  welding  processes  that  may  be  used  on 
titanium  aircraft  structures  include: 

(15  Fusion  Processes 

(a)  Inert-gas- shielded  tungsten  arc  - 
also  called  TIG  or  GTA 

(b)  Inert-gas-shielded  metal  arc  -  also 
called  MIG  or  GMA 

(c)  Inert-gas- shielded  arc  spot  -  this 
method  may  employ  either  the  basic 
TIG  or  MIG  process 

(cl)  Electron  beam  (EB). 

(2)  Resistance  Processes 

(a)  Spot 

(b)  Roll  spot 


Table  4-C.  2.  1-1  shows  some  of  the  basic  char¬ 
acteristics  of  these  welding  processes. 


In  addition,  upset-welding  processes  may 
be  used  to  fabricate  special  sections  or  mill 
products.  These  are: 

(a)  Flash  -  to  produce  components  from  bar 
stock,  forgings,  extrusions,  or  tubing 

(b)  Induction  pressure  -  to  produce  compon¬ 
ents  from  bar  stock,  forgings,  or  ex¬ 
trusions 

(c)  Gas  pressure  •  to  produce  components 
from  bar  stock,  forgings,  or  extrusions 

(d)  High  frequency  -  to  produce  structural 
shapes  or  stiffened  panels. 

The  process  groupings  given  above  have  been 
set  up  because  of  the  many  similarities  between 
processes  in  each  group.  The  reasons  will  be  more 
apparent  from  the  following  sections. 

4-0.  2.2  Uses 

The  varied  characteristics  of  welding  pro¬ 
cesses  lead  to  a  very  broad  range  of  possible  uses. 
Most  titanium  joints  in  an  airframe  could  be  com¬ 
pleted  by  one  or  more  welding  processes.  However, 
welding  is  expected  to  find  major  usage  in  sub- 
assembly  fabrication  and  a  few  large  structural 


TABLE  4-0.  2.  1-1.  CHAR AC'i ERISTICS  OF  WELDING  METHODS  FOR  TITANIUM 


Characteristic _ 

Usefulness 
Production  rate 
Applicable  joint  design 

Applicable  thickness 


Joint  loading 
Tension 
Shear 

Compression 
Bending:  Tranverse 
Bending:  Longitudinal 
Torsion 

Resistance  to  thermal  stress 
Thermal  stability  (Met.) 
Corrosion 
Major  limitations 
Normal  usage 

Ease  o'  inspect. on 


TIG, 

GTA 

MIG, 

GMA 

Arc  Spot 

Electron 

Beam 

Excellent 

Fair 

Good 

Fair 

Moderate 

Fast 

Moderate 

Slow^a) 

Butt,  tee, 

Butt,  tee, 

Lap  only 

Butt,  tee. 

lap,  fillet 

lap,  fillet 

lap,  fillet 

Any;  best 

Thicker 

TIG-l/8t+l/flt 

Any 

for  thinner 

gages  only 

MIG- above  0.  2t 

gages 

>  0.  125  inch 

Good 

None 

Manual  or 

machine 

Good 


X  Limited 

X  X 

X  X 

X  Limited 

X  X 

X  Limited 

Good  7 

(Dependent  on  alloy  composition) 
Good  7 

Process  control  F<"  ^ue 
Machine  Manual  or 

machine 

Good  Fair 


Resistance  Spot 
and  Seam 

Good 

Fast 

Lap  only  access 
both  sides 
Min  ~  .  01t+.  Olt 
Max’*-  1  in.  total 


Limited 

X 

X 

Limited 

X 

Limited 

7 


Good  7 

Vacuum  required  Fatigue 
Machine  Machine 


(a)  Electron-beam  weldin'*  is  the  fastest  of  the  methods  shown,  oowever,  loading  and  unloading  of  parts  in  tho 
vacuum  chamber  limits  production. 
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components  {e.g.  ,  landing  gear).  Cost,  mainten- 
ance,  reliability,  accessibility,  and  over-alj  com¬ 
ponent  size  are  important  factors  in  assessing  the 
proper  use  of  welding  and  alternate. joining  methods. 

Some  typical  joint  types  that  can  be  made  by 
the  various  welding  processes  are  shown  in  Figure 
4-0. 2. 2-1. 


4-0.  2.  3  Relation  to  Other  Processing 


a.  Butt  (TIG,  MIG,  or  EB) 


m 


The  relationship  of  welding  to  other  fabri¬ 
cation  operations  is  important  in  that  fabricating 
operations  immediately  before  and  after  welding 
are  closely  related  to  successful  part  fabrication 
by  welding.  Good  joint  fitups  are  needed,  and  all 
titanium  parts  must  be  properly  cleaned  before 
welding.  Also,  stress  relieving  of  complex  (and 
perhaps  all)  weldments  immediately  after  welding 
should  be  carefully  considered. 

4-0.  2.4  Material  Characteristics 

Welding  of  titanium  alloys  is  readily  accom¬ 
plished  as  long  as  the  basic  nature  of  the  alloys  is 
understood.  Four  principal  characteristics  impor¬ 
tant  in  welding  titanium  are: 

(1)  The  high  chemical  activity  of  titanium  at 
elevated  temperature 

(2)  The  significant  changes  in  mechanical 
properties  of  welded  titanium  caused  by 
very  small  amounts  of  elements  that  form 
interstitial  solid  solutions  in  titanium 

(3)  The  effects  on.the  mechanical  properties 

of  titanium  and  stability  in  the  bas<*  materi¬ 
al.  Both  pre-  and  postweld  treatments 
are  involved  in  accomplishing  this. 

E%ch  of  these  characteristics  is  discussed  in 
Section  1  in  detail.  In  the  following  sections,  these 
characteristics  are  discussed  only  as  they  relate  to 
welding.  Some  repetition  of  Section  1  was  deemed 
warranted  for  emphasis. 

4-0.  2.  4.  1  Chemical  Activity 

Titanium  and  titanium  alloyt  react  with  air 
and  moit  elements  and  compounds,  including  most 
refractories,  when  heated  to  welding  temperatures. 

As  a  result,  gas  fusion  and  arc-welding  processes 
where  active  gases  and  fluxes  are  in  contact  with 
the  hot  metal  are  not  usually  used  because  the  welds 
are  embrittled  by  the  reactions  that  occur.  However, 
inert-gas- shielded  or  electron-beam  fusion  welding 
and  spot,  seam,  flash,  and  induction-pressure 
welding  may  be  used.  With  the  inert-gas- shielded 
arc-welding  processes,  argea  or  helium  shields  the 


b.  Fabricated  Tee  (TIG,  MIG, 
or  EB) 


c.  Fillet  (TIG,  MIG) 


d.  Sheet-Stringer  Lap  (Re¬ 
sistance  or  Arc  Spot) 


Multilayer  Lap  (Resistance 
or  Arc  Spot) 


Sheet  Splice  with  Doubler 
(Resintance  or  Arc  Spot) 


g.  Cap  or  Tee  (EB  or  HFRW) 

FIGURE  4-0.2.  2-1.  TYPICAJ  TITANIUM  WELD- 
JOINT  DESIGNS 
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welds  from  air  and  prevents  weld  contamination. 
Electron-beam  welding  takes  place  in  a  vacuum. 

In  spot  and  seam  welding,  the  molten  titanium  in 
the  weld  is  surrounded  by  the  titanium  base  metal, 
so  the  welds  are  protected  from  contamination.  In 
flash  and  pressure  welding,  air  may  be  in  contact 
with  the  weld,  but  most  of  the  contaminated  metal 
is  pushed  out  of  the  weld  area,  and  any  remaining 
impurities  diffuse  into  the  metal  away  from  the  weld 
interface. 

4-0.  2.4.  2  Interstitial  Elements 

Of  the  few  elements  that  can  form  interstitial 
solid  solutions  in  titanium,  only  carbon,  oxygen, 
nitrogen,  and  hydrogen  are  of  specific  interest  in 
the  welding  of  titanium.  Carbon,  nitrogen  ,  and 
oxygen  all  behave  in  about  the  same  way  in  titanium. 
Increases  in  the  concentration  of  these  elements, 
even  at  very  low  total  levels,  cause  significant 
decreases  in  the  ductility  and  toughness  of  titanium 
welds.  The  effects  of  these  elements  on  weld 
ductility  and  toughness  are  to  some  extent  pro¬ 
gressive  and  additive.  Because  of  this,  it  is 
difficult  to  establish  a  definite  amount  of  these 
elements  that  distinctly  separates  good  and  bad 
properties. 

Carbon,  oxygen,  and  nitrogen  may  be  found 
in  titanium  weldments  because  of  any  of  the  follow¬ 
ing: 

(1)  They  are  deliberate  alloying  additions  to 
some  forms  of  titanium 

(2)  They  may  be  present  as  residual  impuri¬ 
ties 

(3)  They  may  be  picked  up  as  contaminants 
from  various  processing  steps. 

Pickup  of  oxygen  and  nitrogen  during  welding  oper¬ 
ations  must  constantly  be  guarded  against. 


to  their  ductility  and  toughness.  Higher  levels  can 
be  tolerated  in  welds  that  have  high  ductility  than  in 
welds  with  low  or  marginal  ductility.  Unalloyed 
or  lower  alloy  filler  wire  is  often  used  to  improve 
weld  ductility. 

The  interstitial  level  that  can  be  tolerated  in 
welds  is  lower  than  the  corresponding  tolerance 
level  in  base  material.  Interstitials  that  are  pre¬ 
sent  in  the  base  metals  prior  to  welding  or  are 
introduced  during  welding  may  cause  weld  em¬ 
brittlement.  Titanium  produced  some  years  ago 
was  much  more  likely  to  contain  excessive  inter¬ 
stitial  content  than  is  material  currently  being 
produced.  Special  titanium  grades  that  are  desig¬ 
nated  ELI  (extra  h.w  interstitial)  may  be  used  ex¬ 
tensively  in  welding  particularly  for  welding  filler 
wire. 

4-0.  2.4.3  Substitutional  Elements 

As  in  most  metals,  substitutional  alloying 
elements  affect  the  properties  of  welded  joints  in 
titanium.  This  is  true  both  when  the  substitutional 
elements  are  present  as  a  result  of  their  having  been 
added  as  alloying  elements  to  the  base  metal  or  when 
they  are  present  as  a  result  of  welding  titanium  to 
dissimilar  metals. 


The  most  generally  recognized  effects  of 
suoctitutional  alloy  additions  in  titanium  relate  to 
the  type  of  alloy  formed  by  the  specific  addition 
or  additions.  As  shown  in  Section  1,  titanium 
alloys  are  classified  metallurgically  as  either 
commercially  pure  titanium,  alpha  alloys,  alpha- 
beta  alloys,  or  beta  alloys.  These  metallurgical 
properties  in  turn  influence  the  way  that  the  alloys 
behave  in  welding  operations.  The  initial  base 
material  condition  (cold  worked  or  heat  treated  in 
some  manner)  is  equally  as  important  as  alloy  con¬ 
tent,  as  will  be  s.:3wn  in  the  next  section. 


4-0,  2.4.  3.1  Commercially  Pure  and  Alpha  Alloys 


The  basic  behavior  of  hydrogen  in  titanium 
is  somewhat  different  from  that  of  the  other  inter- 
stitital  elements;  nevertheless  its  presence  in 
titanium  welds  can  be  extremely  harmful.  Hy¬ 
drogen  is  never  deliberately  added  to  titanium  and 
should  be  kept  at  aa  low  a  concentration  as  possible 
in  all  processing  operations. 

The  interstitial  level  that  can  be  tolerated  in 
welded  joints  depends  on  the  use  to  which  the  welds 
will  be  put  and  the  alloy  that  is  being  welded.  Weld 
toughness  is  decreased  by  lower  interstitial  levels 
than  those  that  will  affect  ductility.  Therefore, 
greater  care  should  be  taken  to  insure  against  weld 
contamination  in  fabricating  assemblies  that  are 
subjected  to  impact  loading.  Also,  welds  in  some 
alloys  are  more  ductile  and  therefore  have  a  higher 
toughness  than  welds  in  other  alloys.  The  intersti¬ 
tial  level  th.at  can  be  tolerated  in  welds  is  related 


The  mechanical  properties  that  of  welds  in 
either  commercially  pure  titanium  or  alpha  alloys 
are  not  affected  by  welding  operations  on  annealed 
sheet  material.  Alloys  of  this  type  that  have  been 
strengthened  by  cold  working  will  exhibit  a  loss  of 
strength  in  the  welded  zone.  Very  little  use  is  made 
however,  of  cold  working  to  increase  the  strength 
of  either  commercially  pure  or  alpha-type  alloys. 
Welded  joints  in  alpha- titanium  material  are  ductile 
and  exhibit  strengths  that  are  equal  to  those  of  the 
base  metal.  Alpha  alloys  with  a  maximum  of  usable 
strength  are  obtained  by  using  a  level  of  substitutional 
alloy  addition  that  is  close  to  the  maximum  solubility. 
The  8A1-1MO-1V  titanium  alloy  is  of  this  type,  and 
is  the  highest  strength  alpha  alloy  currently  avail¬ 
able  that  exhibits  good  welding  characteristics. 
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4-0.  2.4.3.  2  Alpha-Beta  Alloys 

Depending  on  the  exact  alloy  content,  the 
mechanical  properties  of  alpha-beta  alloys  may  be 
altered  greatly  by  heat  treatment.  Also,  the 
ductility  of  many  of  these  alloys  is  changed  signi¬ 
ficantly  by  variations  in  heat  treatment.  Thus, 
welding  these  alloys  may  significantly  change  the 
mechanical  properties.  With  the  alpha-beta  alloys, 
very  few  generalized  statements  about  weldability 
can  be  made.  The  selection  of  this  type  of  alloy 
for  use  in  an  application  requiring  welding  should 
be  based  on  the  known  effects  of  the  alloy  content 
and  tho  intended  application.  Alloys  that  contain 
about  3  percent  of  either  chromium,  iron,  manganese 
or  molybdenum  and  more  than  5  percent  of  vanadium 
either  singly  or  in  combination  with  each  other  are 
not  used  in  fusion  welding  applications  because  of 
resulting  low  weld  ductility.  Even  -vith  alloys  con¬ 
taining  percentages  of  these  elements  i-i  excess  of 
the  amounts  given  above,  it  is  sometimes  possible 
to  improve  weld  ductility  by  a  postweld  heat  treat¬ 
ment.  However,  the  use  of  heat  treatment  is  not 
always  effective  in  improving  ductility.  The  thermal 
stability  of  welded  alpha-beta  alloys  is  another  area 
of  concern  If  the  intended  application  involves  pro¬ 
longed  service  at  elevated  temperatures.  Again,  no 
generalized  statements  are  possible  in  this  area, 
and  data  should  be  examined  for  each  specific  alloy. 

Alpha- beta  alloys  are  sometimes  welded  with 
either  commercially  pure  or  alpha-alloy  filler  metals 
This  is  done  to  lower  the  alloy  content  of  the  weld 
fustion  zone.  The  use  of  filler  metals  of  this  type 
lowers  the  beta  content  of  the  fusion  zone  and  gen¬ 
erally  results  in  improved  weld  ductility  and  tough¬ 
ness.  However,  the  use  of  special  filler  metals 
does  not  alter  the  composition  of  the  heat- affected 
zone  of  a  weld.  In  alpha-beta  alloys  that  are  char¬ 
acterized  by  a  relatively  brittle  heat- affected  zone, 
the  use  of  special  fil»c  --metal  alloys  is  ineffective 
in  obtaining  an  overall  improvement  in  weldment 
properties. 

4-0.  2.  4.  3.  3  Beta  Alloy 

The  all-beta  alloy,  Ti-13Cr-UV-3AI,  depends 
very  strongly  on  either  cold  work  or  heat  treatment 
to  obtain  desirable  strength  properties.  In  these 
conditions ,  welded  joints  arc  readily  made,  but  the 
resulting  weld  strength  is  considerably  lower  than 
that  of  the  base  plate.  Postwelding  operations  de¬ 
signed  to  raise  the  weld  strength  level  are  either 
not  practical  or  result  in  severe  embrittlement  of 
the  beta  alloys.  The  reasooe  for  this  are  not  well- 
known,  but  are  apparently  related  to  different  aging 
responses  of  structures  that  differ  ,n  gram  sis*, 
grain  structure,  or  orientation.  All-beta  tiloys  are 
alto  susceptible  to  thermal  instability,  lceir  use 
tr.  a  fully  annealed  condition  is  generally  not 
warranted  because  of  the  low  strengths  available 


4-0.  2.  4.  3.4  Dissimilar- Metal  Joints 

Titanium  is  difficult  to  weld  to  steels,  alu¬ 
minum,  nickel,  and  copper  alloys  because  brittle 
structures  generally  result  when  it  is  highly  alloyed 
with  these  metals.  Highly  alloyed  structures  are 
formed  in  the  fusion  zones  of  welds  that  are  rrade  with 
processes  that  result  in  melting  of  both  base  metals. 
These  highly  alloyed  zones  contain  intermetallic 
compounds  and  are  extremely  brittle.  Columbium, 
molybdenum,  tantalum,  and  zirconium  are  more 
compatible  for  welding  to  titanium  than  are  steel, 
nickel,  and  copper.  When  titanium  is  highly  alloyed 
with  columbium,  molybdenum,  tantalum,  or  zir¬ 
conium,  brittle  intermetallic  compounds  are  net 
formed.  However,  the  resulting  solid  solutions  are 
of  an  extremely  high  alloy  content,  and  the  joints 
between  titanium  and  these  metals  may  have  little 
ductility. 

4-0.  2.4.  4  Strengthening  Mechanisms 

Titanium  alloys  are  strengthene'’.  by  several 
mechanisms.  These  include  cold  working  (strain 
hardening)  and  heat  treatments.  The  discussion 
required  to  explain  strengthening  mechanisms  of 
titanium  is  presented  to  a  limited  extent  in 
Section  1  on  Titanium  Metallurgy.  The  various 
strengthening  mechanisms  used  in  titanium  are 
primarily  important  from  a  welding  standpoint  be¬ 
cause  of  the  way  they  affect  the  weldability  of  alloys 
as  based  on  mechanical -property  te3ts.  Some 
alloys  are  considered  to  be  weldable  if  the  welds 
ore  not  given  any  postweld  heat  treatment.  How¬ 
ever,  quilt  often  welds  in  si'Ch  alloys  are  much 
lower  in  strengths  than  the  hev\t-treated  base  metals. 
Attempting  to  increase  the  strength  by  a  postweld 
heat  treatment  may  be  successful,  but  quite  often 
some  other  property  (such  as  ductility)  is  degraded. 

The  importance  of  strengthening  mechanisme 
as  a  consideration  in  the  weldability  of  titanium 
alloys  can  be  illustrated  in  another  way  by  consider¬ 
ing  the  following  statements. 

(1)  The  properties  of  titan.un-.-base  alloys 
are  determined  by  alloy  content  and  a 
controlled  mechanical  and  thermal 
processing  history. 

(2)  Welding  imposes  variable  thermal  cycles 
on  material  m  the  joint  area  that  are  un¬ 
like  any  other  exposure  conditions  normally 
used  on  titanium  alloys. 

(3)  The  effect  tf  welding  thermal  cycles  or. 
the  properties  of  titanium  alloys  itviy  be 
insignificant  or  very  significant 

The  appsren'  weidaoilit>  of  any  giver,  t- - 
tam-im  all.,  can  be  altered  considerably 
by  either  the  initial  base  -  mate  na^  condi- 
;r  pc-s:»*.d  thesrr-a.  or  mechanical 
•  -eat-—  .-t» 
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4-0.  2.  5  Preweld  Cleaning 

Proper  surface  preparation  before  welding  is 
important  to  (1)  remove  scale,  dirt,  and  foreign 
material  that  might  contaminate  the  welded  joint, 

(2)  insure  uniform  surface  conditions  and  thc-eby 
improve  weld  consistency  in  spot-  and  seam- welding 
operations,  and  (3)  help  control  weld  porosity  »n 
arc-welding  operations. 

4-0.  2.  5.  1  Grease  and  Oil 

Degreasing  operations  are  used  to  prepare 
scale-free  material  for  welding  and  to  prepare 
materials  with  an  oxide  scale  for  descaling  oper¬ 
ations.  Degreasing  may  be  accomplished  .n  any 
of  the  following  ways.* 

(1)  Ar.  alkaline  wash  or  dip.  This  is  a  dilute 
solution  of  sodijm  hydroxide;  about  24 
ounces  of  NaOH  per  gallon  of  water  is 
typical 

(2)  A  solvent  wash.  Typical  solvents  that  are 
used  are  MEK,  methyl  alcohol,  toiuene, 
and  acetone 

(3)  Hand  wiping  with  solvent  immediately  be¬ 
fore  welding.  Thr  use  of  excess  solvent 
during  wiping  should  be  avoided.  ** 

Chlorinated  solvents,  such  as  tricholorethylene, 
should  not  be  used  to  degrease  titanium.  Stress- 
corrosion  cracking  in  weld  areas  during  subsequent 
processing  has  been  attributed  to  the  use  of  chlori¬ 
nated  solvents. 

4-0,  2.5.2  Light  Scale 

Acid  pickling  treatments  are  used  to  clean 
titanium  that  has  a  light  oxide  scaie.  The  scale 
formed  on  titanium  at  temperatures  up  to  about 
1100  F  is  generally  thin  and  may  be  removed  by 
acid  pickling.  The  most  commonly  used  pickling 
baths  are  the  HF-HNOj  solutions.  These  baths 
contain  from  2  to  5  percent  HF  and  30  to  40  per¬ 
cent  HNOj.  And  are  used  in  the  range 

from  room  temperature  to  140  F.  A  fairly  common 


treatment  is  to  use  a  bath  containing  35  percent 
HNO3  and  5  percent  HF  (by  weight),  balance  water. 
Parts  to  be  pickled  are  immersed  for  30  seconds.*** 
After  pickling,  the  materials  aie  rinsed  in  water 
and  dried.  P. ckling  treatments  also  are  used  to 
prepare  scale-free  material  for  spot-  and  seam¬ 
welding  operations.  Pickling  should  be  avoided  on 
assemblies  that  contain  crevices  or  lapped  joints 
that  may  entrap  the  acid  solution. 

4-0.  2.  5.  3  Heavy  Scale 

Scale  formed  at  temperatures  above.  1100  F 
is  ^bicker  than  that  formed  below  1100  F  and  is 
difficult  to  remove  chemically.  Molten- salt  baths, 
which  ate  basically  sodium  hydroxide  to  which 
oxidizing  agents  hai-e  been  added  or  to  which  hydro¬ 
gen  has  been  added  to  form  sodium  hydride  are 
commonly  used  to  remove  this  scale  in  preparation 
for  welding.  Caution  is  needed  in  using  these  mol¬ 
ten  salt  baths.  Bath  compositions  and  temperatures 
must  be  carefully  controlled  to  prevent  the  intro- 
duc'ion  of  excessive  amounts  of  hydrogen  into  the 
metal.  Also,  mechanical  methods  such  as  vapor 
blasting  and  grit  olasting  are  used.  Both  the  mol¬ 
ten-salt-bath  treatments  and  mechanical  scale- 
removal  operations  are  followed  by  a  pickling 
operation  to  insure  complete  scale  removal  and  to 
remove  subsurface  contaminated  metal  if  necessary. 

4-0.  2.5.4  Handling  and  Storage 

All  part  handling  after  cleaning  and  before 
welding  must  be  controlled.  So-called  "white- glove" 
operations  arc  in  order  to  prevent  negating  th"  de¬ 
sired  control  obtained  through  careful  cleaning. 
Cleaned  materia)  should  be  welded  as  soon  as  pos¬ 
sible  after  cleaning,  or  wrapped  for  storage  until 
needed.  Some  recleaning  of  material  that  has  keen 
in  storage  may  be  required. 

4-0.  2.  fc  Postweid  Cleaning 

Welded  parts  that  are  to  be  hot  formed  or 
stress  relieved  must  be  clean  as  noted  in  Section 
3.  In  view  of  the  problems  in  cleaning  complex 
parts,  it  may  be  much  simpler  to  keep  such  parts 
from  getting  dirty  during  welding.  This  will  re¬ 
quire  careful  handling  and  storage  throughout  all 
operations  associated  with  the  actual  welding. 
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*Good  rinsing  and  drying  procedures  are  important 
in  these  operations.  Residue  from  the  degreasing 
treatment  must  not  be  allowed  to  remain  in  the 
joint  area. 

**Do  not  use  rubber  gloves  for  this  type  of  operation. 

Reactions  between  solvents  and  some  of  the  com¬ 
pounds  in  gloves  can  leave  deposits  on  the  joint 
that  cause  porosity. 


4-0.3  BRAZING 

Brazing  is  not  expected  to  be  used  in  a  major 
way  as  a  joining  method  on  titanium  airframes  in 


***About  0.  0003  inch  of  material  is  removed  from 
all  surfaces,  of  commercially  pure  titanium  by 
this  pickling. 
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the  near  future.  Brazing  has  some  advantages  over 
other  joining  processes  in  the  fabrication  of  titanium 
sandwich  structure,  and  in  the  completion  of 
dissimilar-metal  joints.  Despite  the  great  potential 
for  these  t-”0  areas,  most  of  t 1  programs  that  have 
been  conducted  to  complete  .o'!-. red  developments 
have  not  produced  universally  acceptable  procedures 
for  completing  such  joints.  The  major  development 
work  that  has  been  conducted  on  titanium  brazing 
is  related  'o  two  areas:  (1)  the  development  of 
mater’als  and  procedures  to  allow  the  use  of  brazed 
titanium  sandwich  structure,  or  (2)  the  development 
of  brazing  procedures  for  fabricating  dissimilar- 
metal  joints'. 

Most  of  the  problems  encountered  in  attempting 
to  braze  titanium  are  related  in  one  way  or  another 
to  ‘  te  ch.  tcteristics  of  titanium  metal.  Titanium's 
high  a.  •  for  other  elements  leads  to  a  require¬ 
ment  that  izing  be  conducted  under  conditions 
that  prevent  contamination  of  the  material  being 
joined.  Also,  because  of  its  high  reactivity,  it  is 
difficult  to  find  suitable  braze  filler  metals  that  do 
not  react  excessively  with  the  titanium  base  materi¬ 
al  producing  subsequent  embrittlement  or  serious 
erosion  of  the  base  metal  The  final  problem  area 
has  been  one  of  finding  brazing  filler  metals  suit¬ 
able  for  use  in  brazing  thermal  cycles  that  are 
compatible  with  the  limited  thermal  heat- treatment 
cycles  that  can  be  used  on  titanium  alloys. 

4-0.4  METALLURGICAL  BONDING 

In  metallurgical  bonding,  joints  are  formed 
with  all  components  of  the  mining  system  being 
maintained  as  solids.  Joints  can  be  made  under 
these  conditions  if  two  metallic  surfaces,  whAh 
have  been  prepared  properly,  are  brought  together 
by  an  applied  pressure  at  a  suitable  temperature 
for  a  suitable  length  of  time.  Deformation  and 
diffusion  are  important  aspects  of  metallurgical 
bonding.  It  is  convenient  to  further  subdivide 
this  type  of  bonding  on  the  basis  that  either  de¬ 
formation  or  diffusion  is  the  predominant  mechan¬ 
ism  contributing  to  joint  formation.  Actvally, 
both  mechanisms  always  operate  tc  some  extent 
during  the  formation  of  a  joint,  but  there  are  sig¬ 
nificant  differences  in  the  extent  to  which  these 
two  mechanisms  control  a  given  bonding  process. 
Deformation  is  limited  to  very  small  surface 
areas  during  bonding,  which  is  controlled  pri¬ 
marily  by  diffusion  mechanisms.  When  consider¬ 
able  deformation  is  used  during  the  bonding  oper¬ 
ation,  diffusion  can  be  quite  limited.  Both  defor¬ 
mation  and  diffusion  bonding  have  been  employed 
successfully  on  titatiium. 

Metallurgical  bonding  it  used  to  describe 
many  joining  processes  that  may  be  referred  to  by 
a  number  of  different  names.  As  used  in  this 
handbook,  the  i  mi  metallurgical  bonding  is  in¬ 
tended  to  cover  all  solid-state  joining  processes  in 
which  either  diffusion  or  deformation  plays  a  irajor 


roll  of  the  formation  of  ihe  joint.  Resistance- 
diffusion  bonding,  which  could  be  covered  in  this 
section,  is  covered  in  Paragraph  4-2.  1,  Resistance 
Spot  Welding,  because  of  its  many  similarities  with 
that  process.  Some  o.  the  other  names  used  for  the 
processes  covered  here  under  Metallurgical  Bonding 
are: 

(1)  Solid-state  welding  or  bonding 

(2)  Diffusion  bonding 

(3)  Pressure  bonding 

(4)  Gas-pressure  bonding 

(5)  Roll  bonding 

(6)  Deformation  bonding 

1  (7)  Vacuum  bonding  or  welding 

4-0.4.  1  Diffusion  Bonding 

In  diffusion  bonding,  deformation  is  limited 
to  that  amount  required  to  bring  the  surfaces  to  be 
joined  into  intimate  contact.  Once  the  surfaces  are 
in  contact,  a  joint  is  formed  by  diffusion  of  some 
clement  or  elements  across  the  previously  existing 
interface.  Diffusion  bonding  is  primarily  a  time- 
and  temperature-controlled  process.  The  time 
required  for  bonding  can  be  shortened  considerably 
by  using  bonding  pressure  or  elevated  temperatures, 
since  diffusion  is  much  more  rapid  at  high  temperatures. 
Both  the  bonding  t*me  and  temperature  often  can  be 
reduced  by  using  an  intermediate  material  of  differ¬ 
ent  composition  to  promote  diffusion  bonding.  This 
procedure  reflects  the  increase  in  diffusion  rate 
that  is  obtained  by  the  introduction  of  a  dissimilar 
metal.  The  steps  involved  in  diffusion  bonding  are: 


(1)  Preparation  of  the  surfaces  to  be  bonded 
by  cleaning  or  other  special  treatments 

(2)  Assembly  of  the  components  to  be  bonded 


(3)  Application  of  the  required  bonding  pressure 
and  temperature  in  the  selected  bonding 
environment 

(4)  Holding  under  the  conditions  prescribed 
in  Step  3  for  the  required  bonding  time 

(5)  Removal  from  the  bonding  equipment  tor 
inspection  and/or  test. 


The  preparation  step  involved  in  diffusion 
bonding  usually  includes  a  chemical  etching  and 
other  cleaning  steps  similar  to  those  employed 
during  welding  or  brazing.  In  addition,  the  surfaces 
to  be  bonded  may  be  coated  v/ith  some  other  material 
by  plating  or  vapor  deposition  to  provide  surfaces 
that  will  bond  more  readily.  Coatings  also  are 
sometimes  applied  to  prevent  bonding  in  certain 
areas.  The  methods  used  to  apply  pressure  include 
simple  presses  containing  a  fixed  and  movable  die, 
evacuation  of  sealed  assemblies  so  that  the  pressure 
differential  applies  to  a  given  load,  and  placing  the 
assembly  in  autoclaves  90  that  high  gas  pressures 
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can  be  applied.  A  variety  of  heating  methods  also 
can  be  used  in  diffusion  bonding,  but  generally 
the  temperature  is  raised  by  heating  with  son'.,  type 
of  radiation  heater.  As  suggested  above,  th<  en¬ 
vironment  during  bonding  is  another  important  fact,  r 
during  this  type  of  joining.  With  titanium,  a  vacuum 
environment  is  most  practical,  although  it  is  possible 
tc  bond  in  an  inert  gas. 

Diffusion-!  onded  joints  have  been  made  in 
titanium  and  several  of  its  alloys’1'  at  selected 
conditions  encompassing  the  following  ranges. 


Temperature 

Time 

Pressure 


1500  to  1900  F 
30  minutes  to  6  hours 
5  to  10  ksi 


In  all  cases,  the  environment  during  bonding  was 
a  vacuum.  Some  success  has  been  reported  with 
the  diffusion  bonding  of  titanium  employing  an 
intermediate  material  to  either  decrease  the  bonding 
temperature  or  the  required  time.  The  usefulness 
of  this  method  with  titanium  is  limited  by  the  dif¬ 
ficulty  in  finding  a  suitable  intermediate  material 
that  will  not  react  excessively  with  the  titanium  to 
form  either  brittle  intermetallic  compounds  or  other 
undesirable  phases. 

4-0.4.  2  Deformation  Bonding 

Deformation  bonding  differs  from  diffusion 
bonding  primarily  in  that  a  measurable  reduction 
in  the  thickness  of  the  parts  being  joined  occurs 
with  deformation  bonding.  The  large  amount  of 
deformation  involved  makes  it  possible  to  produce 
a  bond  in  much  shorter  times  and  frequently  at  lower 
temperatures  than  are  possible  during  diffusion 
bonding.  The  major  application  of  deformation  bond¬ 
ing  of  titanium  to  date  has  been  in  the  fabrication 
of  roll-welded  sandwich  structures.  With  this 
process,  unidirectional  structural  panels  having 
either  a  corrugated  or  ribbed  structure  have  been 
reproduced.  In  addition,  the  process  shows  pro¬ 
mise  for  the  fabrication  of  structural  shapes  such 
as  tees  or  I  beams. 

The  steps  involved  in  deformation  bonding  are 
very  similar  to  those  involved  in  diffusion  bonding. 
The  major  difference  is  that  bonding  is  usually 
accomplished  in  a  very  short  time  by  passing  the 
object  to  be  bonded  through  some  device  such  as  a 
rolling  mill,  which  applies  the  desired  pressure 
and  produces  the  proper  deformation  for  bonding. 

A  major  advantage  of  the  roll- welding  approach  to 
producing  either  sandwich  or  structural  shapes  is 
that  the  parts  can  be  formed  to  any  desired  contour 
immediately  after  the  bonding. 


*Ti-5Al-2.5  Sn,  TI-8A1-1  Mo-lV,  Ti-6A1-4V,  Ti- 
3A1  -2.  5  Sn,  and  T1-5A1-1.  25Fe- 2.  75  Cr  titanium 
alloyu. 


4-0.5  ADHESIVE  BONDING 

Adhesive  bonding  may  be  used  in  the  fabrication  ' 
of  titanium  airframes  to  either  replace  or  complement  "  * 
other  joining  processes.  Opinions  as  to  the  usefulness 
of  adhesive  bonding  oppear  to  vary  widely  within  the 
aircraft  industry.  The  known  advantages  of  this 
method  of  joining  are  offset  to  some  extent  by  known 
disadvantages.  Factors  that  are  considered  to  be 
critical  in  determining  the  usefulness  of  adhesive 
bonding  in  an  airframe  are:  (1)  demonstration  that 
adhesive-bonded  joints  will  withstand  long  periods 
of  service  at  the  elevated  temperatures  involved 
in  the  application  and  (2)  demonstration  that  reliable 
process-control  techniques  have  been  developed  that 
will  insure  that  reproducible  joint  properties  can 
be  obtained. 


Adhesive  bonding  shares  many  factors  in 
common  with  other  joining  techniques.  Reproduction 
of  good  adhesive-bonded  joints  requires  consideration 
of  the  materials,  the  processing,  equipment,  and 
subsequent  exposure  conditions.  The  principal 
material  involved  in  adhesive  bonding  is  the  ad¬ 
hesive  itself,  A  wide  variety  of  chemical  com¬ 
pounds  have  been  used  for  adhesives.  These  materi¬ 
als  can  be  classified  as  thermoplastic,  thermosetting, 
elastomeric,  ceramic,  and  blends  of  the  first  three 
types.  Thermosetting  and  ceramic  adhesives  appear 
to  have  the  most  potential  for  use  in  the  anticipated 
supersonic  temperature  ranges. 


J 


Once  a  suitable  adhesive  is  identified  for  use 
in  metal  adhesi.e  bonding,  further  development  :s 
still  required  to  ensure  that  any  given  material  can 
be  successfully  processed  to  form  suitable  joints. 

A  major  factor  in  this  processing  is  the  treatment 
of  the  metal  surfaces  that  are  to  be  joined.  Signifi¬ 
cant  difference  in  joint  properties  occur  because  of 
variations  in  the  surface  treatment  of  the  metal. 

The  successful  use  of  titanium  adhesive- bonded 
joints  will  require  that  reliable  surface-treatment 
methods  be  developed. 

Equipment  for  adhesive  bonding  of  titanium  is 
not  expected  to  be  a  problem.  The  same  general 
types  of  equipment  that  are  used  successfully  in  the 
adhesive  bonding  of  other  materials  should  prove 
applicable. 

The  ability  of  adhesive-bonded  joints  to  with¬ 
stand  long-time  elevated- temperature  exposure 
must  be  demonstrated  in  the  same  way  as  for  other 
types  of  joining.  Most  of  the  data  that  have  been 
obtained  to  date  are  for  relatively  short  exposure 
times  compared  with  the  intended  service  life  of  a 
supersonic  transport.  Recently  deyeioped 
polyimide-based  adhesives  have  shown  relatively 
high  strengths  after  prolonged  exposure  at  elevated 
temperatures.  There  still  appears  to  be  a  need 
for  much  more  extensive  long-time  elevated- 
temperature  testing  of  adhesive- bonded  joints  prior 
to  their  acceptance  for  use  in  a  supersonic  transport. 


■MS. 
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4-0.  6  MECHANICAL  FASTENING 

The  traditional  methods  of  assembling  air¬ 
frame  structures  are  bolting,  riveting,  lacching, 
or  using  specialized  mechanical  fasteners.  These 
mecham-al  fastening  methods  will  continue  to  be 
used  in  supersonic  titanium  airframes,  particularly 
for  nonpermanent  joints.  Preparation  of  the  titanium 
structural  components  for  mechanical  fastening 
will  differ  from  the  procedures  for  such  materials 
as  aluminum  and  steel  to  the  extent  that  the  rr.acnm 
ability  of  titanium  alloys  differs  fiom  other  metal3. 
As  in  all  aircraft-quality  fastening,  bolt  and  rivet 
holes  must  be  smoothly  machined  within  tolerances, 
burr-free,  and  clean.  Cleanliness  with  respect  to 
freedom  from  carbonaceous,  chloride-bearing,  or 
other  cutting  fluids  is  particularly  important  in 
titanium  a.rframes  intended  for  high-temperature 
service,  since  titanium  reacts  chemically  with 
carbon,  hydrogen,  and  oxygen. 

Titanium  bolts  are  commercially  available. 
Most  are  fabricated  from  the  Ti-6A1-4V  alloy 
by  conventional  forging  and  cold  heading  operations. 
Titanium  rivets  are  also  available,  but  there  is  a 
significant  usage  of  Monel,  A286,  and  aluminum 
rivets  for  fastening  titanium.*  Fastening  with 
dissimilar  metals  raises  the  pissibility  of  galvanic 
corrosion  in  the  presentee  of  aqueous  electrolytes 
unless  the  fasteners  could  be  electrically  isolated 
from  the  titanium.  Considering  the  deformations 
and  stresses  inherent  in  the  bolting  and  riveting 
operations,  reliable  isolation  of  the  large  number 
if  fasteners  to  eliminate  galvanic  corrosion  opears 
to  be  difficult. 

Calling  and  seizing  also  are  problems  en¬ 
countered  in  using  titanium  fasteners.  In  addition 
to  the  obvious  problems  caused  by  these  actions, 
they  may  also  degrade  fatigue  life  of  the  fastener. 
Selection  and  use  of  suitable  lubricants  may  assist 
in  overcoming  these  difficulties. 

In  riveting  with  titanium  rivets,  heating  of  the 
rivet  s  prior  to  driving  has  been  found  to  be  desirable 
in  at  least  some  cases  to  avoid  cracking.  In  this 
respect,  titanium  riveting  procedure  differs  from 
aircraft  aluminum  practice  and  becomes  more  akin 
to  structural  steel  riveting. 

4-0.  7  JOINT  PROPERTIES 


Joint  properties  are  extremely  important  in 
assessing  the  ultimate  usefulness  of  any  joining 
process.  Design  engineers  must  know  the  char¬ 
acteristic  load- carrying  ability  of  any  given  type 
of  joint,  and,  in  addition,  must  be  satisfied  that 
the  load-carrying  ability  will  not  be  changed 
significantly  during  service  of  the  joint.  With 
this  in  mind,  it  is  obvious  th  — t  the  detei  mination 
of  properties  of  a  joint  that  make  it  suitable  for 
a  certain  type  of  service  must  be  made  with  the 
particular  service  in  mind.  Of  particular  concern 
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in  aircraft  applications  are  the  tempera  ■  .-exptsire 
spectrum  and  the  anticipated  load  spectrum.  Methods 
of  evaluating  joints  vary  considerably,  depending 
upon  the  purpose  of  the  evaluation,  the  joining  process, 
material  and  thickness  involved,  and  on  the  needs  cf 
the  particular  individual  conducting  the  evaluation. 
These  varying  requirements  have  led  to  the  develop- 
m.  t  of  many  different  tests  and  test  specimens, 
whiv.h  range  in  size  from  extremely  small  specimens 
that  represent  only  a  portion  of  a  structure  to  complete 
structural  tests.  Any  email-test  specimens  can  re¬ 
flect  only  the  expected  behavior  in  u  structure  in  terms 
of  a  statistical  average  and  with  an  accuracy  set  by 
the  degree  to  which  the  tes*  conditions  relate  to  the 
service  conditions.  Thic  is  true  of  any  type  of  test 
fpecimen.  With  joint  specimens,  there  are  other 
complicating  factors  that  result  in  the  need  to  use 
different  methods  in  evaluating  joints  from  those 
used  in  evaluating  base  material. 

Designers  and  production  engineers  are  con¬ 
stantly  faced  with  joint- property  evaluations.  De¬ 
signers  are  primarily  interested  in  the  allowable 
stresses  for  a  given  joint.  Product. on  engineers 
are  more  concerned  with  producibility  and  quality 
control.  Each  group  has  developed  joint  test  speci¬ 
mens  to  meet  their  particular  needs.  Standardization 
of  test- specimen  geometry  and  testing  procedure 
unfortunately  is  not  always  .he  case.  In  the  area 
of  joining,  seemingly  minor  variations  in  such 
procedures  or  in  the  procedures  used  to  produce  the 
joints  may  result  in  significantly  different  observed 
properties.  Thus,  any  tabulation  of  property  data 
that  is  presented  without  the  allied  backup  data 
pertaining  to  fabrication  and  test  procedures  should 
be  viewed  with  caution. 

Further  comments  on  determining  joint  pro¬ 
perties  are  summarized  in  DMIC  Report  165 
(December  28 ,  1961),  "Methods  of  Evaluating 
Welded  Joints".  This  report  is  based  in  part  on 
surveys  conducted  by  DMIC  and  the  Aerospace 
Research  and  Testing  Committee  (ARTC)  of  the 
Aerospace  Industries  Association.  The  ARTC 
effort  was  conducted  as  Project  20-58,  "Standardi¬ 
zation  of  Welded  Joint  Specimens". 

Eventually,  most  joints  are  evaluated  in  full- 
scale  tests.  This  is  required  to  validate  final  joint 
designs  because  of  the  complex  problems  that  pre¬ 
vent  even  computer  analyses.  The  most  important 
fact  that  should  be  remembered  about  joint  pro¬ 
perties  is  that  no  single  property  is  indicative  of 
performance.  Joints  must  be  evaluated  by  an 
analysis  of  the  properties  obtained  in  a  number  of 
different  tests. 

Joint  properties  are  controlled  in  manufacturing 
operations  by  quality-assurance  programs  largely 
based  on  process  specifications. 

♦Caution  should  be  exercised  in  selecting  nontitanium 
fasteners  fer  elevated-temperature  service  to  ensure 
that  low-melting  fastener  coatings  are  not  used. 


4-1  Fusion  Welding  Processes 
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4-1.0  INTRODUCTION 

Fusion  welding  is  often  used  to  categorize 
we ld'ng  processes  m  which  joining  is  accomplished 
by  heating  to  the  melting  point  using  an  external 
neat  source.  In  this  handbook,  the  term  is  used  to 
describe  processes  with  similar  basic  character¬ 
istics.  The  prime  processes  of  interest  here  are 
TIG,  MIG.  EB,  and  Arc  spot.  Characteristically, 
in  these  processes  a  localized  joint  area  is  heated 
to  the  melting  point.  The  molten  metal  extends 
over  a  certain  zone  and  then  freezes  to  form  the 
final  weld.  Metal  that  is  melted  is  called  weld 
metal.  Metal  around  the  joint  that  is  changed  in 
some  way  by  the  heat  involved  is  called  heat  affect¬ 
ed. 

All  the  fusion- welding  processes  share  cer¬ 
tain  common  characteristics.  These  are  discussed 
in  the  following  section.  Subsequent  sections  dis¬ 
cuss  each  process  separately. 

4-1.0.  1  Cleaning 

Careful  preweld  cleaning  is  essential  to 
successful  fusion  welding  of  titanium  alloys.  The 
(  procedures  for  cleaning  discussed  in  Paragraph 

4-0.  3.5  will  provide  material  meeting  many 
welding  requirements.  Poor  cleaning  can  result 
in  weld  contamination  with  interstitial  elements 
and  weld  defects,  particularly  porosity.  To  con¬ 
trol  porosity  in  fusion  welding,  the  edges  to  be 
joined  and  adjacent  surfaces  are  given  special 
cleaning  treatment  by  some  fabricators.  These 
treatments  include  draw  filing,  wire  brushing, 
or  abrading  the  joint  edges  and  adjacent  surfaces 
prior  to  fitup  and  an  acetone  or  alcohol  wipe  just 
prior  to  welding.  Special  treatments  are  discussed 
in  detail  in  Paragraph  4-  1.  0.  14.  1. 

4-1.0.  2  Joint  Design 

Suitable  joint  designs  must  be  selected  for 
fusion  welding.  Joints  with  square  abutting  edges 
are  suitable  for  the  thinner  gages  of  titanium.  * 
Thicker  gages  may  require  a  joint  preparation. 
Typically,  such  preparation  involves  machining 
bevels  or  contours  on  the  abutting  edges.  Part 
tolerances  also  are  an  important  consideration  in 
establishing  good  joint  designs.  Close  tolerances 
are  always  preferred,  but  they  cannot  always  be 
planned  for  in  production  parts.  With  titanium, 
it  is  also  essential  that  the  joint  design  selected  be 
_  one  that  can  be  properly  shielded  from  cor.tamina- 

G  tion- 

♦Even  thin  gages  of  titanium  may  have  to  be 
machined  to  avoid  weld  porosity.  Sheared  edges 
have  been  found  to  increase  the  tendency  for  por¬ 
osity  formation,  probably  because  any  burrs  or 
smeared-over  metal  can  entrap  dirt. 


4-1.0.  3  Base  Metal 

Titanium-base  metals  of  proven  quality  mu3t 
be  provided  for  fusion  welding.  Adherence  to 
standards  for  composition,  grade,  and  heat 
treatment  condition  is  a  must.  Either  alloy  or 
interstitial  element  segregation  can  be  a  source 
of  trouble  in  fusion* welding  operations.  Contam¬ 
ination  of  the  base-metal  surface  layer  during  op¬ 
erations  preceding  welding  should  be  avoided  or 
steps  provided  in  the  processing  to  remove  the 
contaminated  layer.  Such  contamination  is  not 
just  a  surface  phenomena,  but  may  extend  for  a 
measurable  depth. 

4-1.  0.  4  Wire 

Some  fusion- welding  processes  involve  the 
addition  of  metal  from  sources  other  than  the  base 
metal.  Wire  is  generally  used,  since  it  is  easy  to 
add  at  a  controlled  rate.  Wire  added  during  TIG 
welding  is  called  "filler  wire”  or  "cold  wire". 

Wire  used  in  MIG  welding  also  is  called  filler 
wire,  or  it  may  be  called  "electrode  wire". 

Titanium  wire  for  welding  must  meet  high- 
quality  standards.  The  same  is  true  for  most  weld 
ing  wire.  This  requirement  results  from  the  high 
surfacc-area-to-volumc  ratios  characteristic  of 
the  common  wire  sizes  used  in  welding  (see  Figure 
4-1.0.  4-1).  Obviously,  any  wire  surface-layer 
contamination  represents  a  sizable  addition  to  a 
weld.  Also,  it  is  much  more  difficult  to  process 
titanium  to  wire  without  contamination  than  is  the 
case  with  other  products.  For  example,  wire 
cannot  be  processed  by  any  method  comparable  to 
the  pack- rolling  procedures  used  for  thin  sheet. 

Wire  products  sometimes  contain  defects. 

The  terminology  used  to  describe  various  wire 
defects  is  illustrated  in  Figure  4-1.  0.4-2.  None 
of  these  defects  can  be  tolerated  in  titanium  wire 
intended  for  welding  otructural  components  of  high- 
performance  airframes. 

The  availability  of  good-quality  titanium 
welding  wire  in  the  past  and  today  has  been  de¬ 
bated  extensively.  tU  Some  welding  engineers  feel 
that  high-quality  titanium  wire  just  does  not  exist. 
Others  do  not  think  there  is  a  "welding-wire  prob¬ 
lem".  The  real  answer  probably  lies  somewhere 
between  these  two  extremes. 

The  "titanium  welding-wire  problem",  if 
there  is  one,  must  be  resolved  before  some  fusion¬ 
welding  processes  can  be  used  on  airframes. 
Titanium  welding-wire  development  has  suffered 
from  the  lack  of  a  sizable  market.  Unalloyed  cp 
titanium  wire  has  been  the  major  marketable  item. 
Experience  with  the  various  titanium  alloys  has 
been  limited.  The  required  wire-quality  lsvel  and 
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Wire  Diameter,  inch 


FIGURE  4-1.  0.4-1.  SURFACE-AREA-TO- 

VOLUME  RATIO  FOR  SEVERAL  WIRE 
SIZES 

and  reliability  in  alloys  like  Ti-8AlMo-lV 
can  probably  be  developed  once  a  market  is  evi¬ 
dent. 


Titanium  welding  wire  is  supplied  by  all  of 
the  major  titanium  companies  and  by  several 
companies  specializing  in  processing  high-quality 
metals  and  alloys.  The  specialty  suppliers  are 
listed  in  Section  2. 

4- 1.  0.  5  Inert  Gas 

Inert  gases,  argon  and  helium,  are  used  for 
shielding  with  all  fusion-welding  processes  except 
electron  beam.  High  gas  purities  are  needed  in 
welding  titanium.  Special  grades  of  inert  gas  con¬ 
taining  additivies,  such  as  oxygen,  that  are  used 
in  some  welding,  should  not  be  used  in  welding 
titanium.  Basic  inert-gas  supplies  are  of  the  re¬ 
quired  quality.  The  major  concern  with  inert  gas 
is  insuring  that  the  basic  gas  quality  is  not  de¬ 
graded  during  flow  through  the  welding  equipment. 
The  number  of  dis connectable  fittings  used  in  the 
gas  system  should  be  minimized.  All  such  fittings 
must  be  kept  in  good  condition  and  must  be  tight. 


Defect  Drawing  Stock  Wire 


Center  Burst 


Crack 

FIGURE  4-  1.  0.  4-2.  WELDING-WIRE  DEFECTS 

Damaged  or  loose  fittings  can  allow  air  to  be  en¬ 
trained  in  the  inert  gas,  resulting  on  contamina¬ 
tion  of  the  weld. 

4-1.0.  6  Tooling 

The  tooling  used  in  welding  titanium  may  dif¬ 
fer  markedly  from  tooling  normally  used  in  welding 
other  materials.  Tooling  per  se  may  range  from 
simple  clamps  to  hold  parts  in  position  to  more 
elaborate  holding  devices  designed  for  specific 
parts.  Simple  tooling  is  adequate  for  welding  ti¬ 
tanium  when  other  means  are  used  to  insure  ade¬ 
quate  shielding;  for  example,  in  electron-beam  or 
arc  welding  in  an  enclosed  chamber.  However, 
for  fusion-welding  operations  conducted  outside  of 
chambers,  tooling  can  provide  a  much  more  effec¬ 
tive  safeguard  against  weld  contamination  than 
other  shielding  devices.  Tooling  often  is  used  to 
c  ool  the  weld  area  rapidly  sothat  exposure  in  the 
temperature  spectrum  of  high  chemical  reactivity 
is  minimized.  Such  tooling  is  referred  to  as  "chill" 
type. 


Tooling  can  be  designed  to  contain  and/or 
supply  inert  gas  to  help  shield  the  access  side  of 
the  weld  area.  A  typica’  example  of  such  tooling 
is  sketched  in  Figure  4-1,  0.  6-1.  Similar  concepts 
are  used  to  protect  the  nonaccess  (root)  side  of  a 
weld  joint.  Figure  4-1.0.  6-1  also  illustrates  sev¬ 
eral  methods  of  preventing  root  contamination. 
Porous  metal  elements  and  baffle  plates  are  often 
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Conventional  Weld  Tooling 
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Special  Tooling  for  Titanium 
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FIGURE  4- 1.0. 6-1.  WELD  TOOLING 

used  in  special  tooling  to  provide  good  gas  cover¬ 
age  with  minimum  velocity  flows.  Advantage  also 
is  taken  of  the  fact  that  argon  tends  to  settle  and 
displace  air.  Conversely,  helium  is  best  suited 
for  displacing  air  when  a  rising  gas  flow  is  de¬ 
sirable. 

4-  1.  0.  7  Heat  Input 

The  term  "heat  input"  is  widely  used  in  the 
welding  industry  to  characterize  many  of  the  con¬ 
ditions  typical  of  fusion  welding.  Limiting  heat 
inputs  are  defined  by: 

(1)  The  minimum  energy  required  to  melt 
sufficient  metal  to  form  a  weld 

(2)  The  maximum  usable  energy  level  that 
will  produce  an  acceptable  weld,  or 


(3)  A  maximum  level  that  vill  not  degrade 
properiies  of  a  particular  material. 

With  titanium,  it  is  best  to  use  heat  inputs  just 
above  the  Condition  1  level  above.  Heat  inputs 
above  thi  level  can  only  contribute  to  various  bad 
effects.  An  exact  measure  of  heat  input  is  not 
readily  .nade,  but  good  empirical  formulae  are 
known  for  each  welding  process.  Intraprocess 
comparisons  of  heat  inputs  are  not  always  valid  and 
should  be  viewed  with  caution.  Also,  the  calcula¬ 
tion  of  heat  inputs  for  multiple-pass  weldments 
does  not  present  a  truly  representative  picture. 

Lowest  heat  inputs  are  obtained  with  electron- 
beam  welding.  Then,  as  a  general  rule,  heat  in¬ 
puts  typical  of  normal  welding  conditions  increase 
as  follows: 

(1)  Single-pass  TIG  --  no  filler 

(2)  Single-pass  TIG  --  with  filler 

(3)  Multipass  TIG  --  with  filler 

(4)  Single-pass  MIG 

(5)  Multipass  MIG. 

Other  general  trends  useful  in  estimating 
heat  input  are: 

(1)  Welds  made  with  helium  shielding  gas 
have  a  lower  heat  input  than  similar 
welds  made  with  argon  shielding 

(2)  Higher  welding  speeds  result  in  lower 
heat  inputs 

(3)  High  currents  or  voltages  result  in  high 
heat  inputs  (at  any  given  speed/ 

(4)  Small  melted  zones  are  characteristic 
of  low  heat  inputs. 

4-1.0.  8  Shrinkage  --  Distortion 

Fusion-weld  processes  are  characterised  by 
theimal  cycles  that  cause  localized  shrinkage. 
Often,  this  shrinkage  in  turn  causes  distortion  of 
tne  parts  being  joined.  Figure  4-1.  0.  8-1  illus¬ 
trates  the  changes  in  shape  that  occur  just  as  the 
result  of  welding  a  simple  butt  joint.  More  com¬ 
plex  weldments  obviously  involve  much  more  com¬ 
plex  shrinkage  and  distortion  patterns. 

Weld  shrinkage  must  be  planned  for,  since 
there  is  no  absolute  way  to  avoid  it.  Thus,  a 
knowledge  of  expected  shrinkage  values  for  typical 
weld  configurations  is  needed  before  production 
welding  applications.  Also,  a  logical  sequence  of 
welding  components  involving  several  welds  must 
be  established  with  shrinkage  in  mind.  With  the 
proper  welding  sequence,  shrinkage  can  be  turned 
into  good  use  to  minimize  distortion.  This  is  ac¬ 
complished  by  properly  balancing  the  various 
shrinkage  forces  developed. 


i 
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FIGURE  4-1.0.  8-  1.  TYPES  OF  WELD- JOINT 
DISTORTION 

Shrinkage  also  can  be  controlled  to  some 
extent  by  the  restraint  imposed  by  tooling.  Use 
of  this  technique  is  sometimes  helpful  in  prevent¬ 
ing  serious  part  distortion.  (Caution:  Freedom 
from  distortion  does  not  mean  that  a  weldment  is 
not  highly  stressed.1  Quite  often  the  converse  is 
true.  ) 
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Shrinkage  and  distortion  are  minimized  by 
using  low  heat  inputs.  Thus,  the  listing  given 
earlier  also  is  valid  for  showing  the  relative 
tendencies  of  fusion-welding  processes  to  produce 
these  changes.  Unnecessary  weld  reinforcement 
also  is  undesirable  from  the  standpoint  of  keeping 
shrinkage  and  distortion  as  low  as  possible. 

4-1.0.  9  Residual  Stre38  Distortion 


Weld  shrinkage  inevitably  leaves  residual 
stresses  in  fusion  weldments.  Residual  stresses 
are  defined  as  those  that  exist  in  a  body  without 
any  external  force  acting.  The  residual  stresses 
in  a  welded  joint  are  caused  by  the  contraction  of 
the  weld  metal  and  the  plastic  deformation  pro¬ 
duced  in  the  base  metal  near  the  weld  during  weld¬ 
ing.  Residual  stresses  in  a  welded  joint  are 
classified  as: 

(1)  "Residual  welding  stress",  which 
occurs  in  a  joint  free  from  any  ex'emal 
constraint 

(2)  "Reaction  stress"  or  "locked-in 
stress",  which  are  induced  by  an 
external  constraint. 

A  typical  distribution  of  residual  stresses 
in  a  butt  weld  is  shown  in  Figure  4-  1.  0.  9-  1.  The 
stress  components  concerned  are  those  parallel 
to  the  weld  direction,  designated  ox  and  those 
transverse  to  the  weld,  designatedo  y.  The 
distribution  of  theOx  residual  stress  along  a  line 
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FIGURE  4-  1.  0.  9-  1.  DISTRIBUTIONS  OF  RE¬ 
SIDUAL  STRESSES  IN  BUTT  WELD 

transverse  to  the  weld,  y-y,  is  shown  in  the 
Figure  4-1.  0.  9- lb.  Tensile  stresses  of  high  mag¬ 
nitude  are  produced  in  the  region  of  the  weld; 
these  taper  off  rapidly  and  become  compressive 
after  a  distance  of  several  times  in  the  width  of 
the  weld,  then  gradually  approach  zero  as  the  dis¬ 
tance  from  the  weld  increases. 
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The  maximum  residual  stress  in  the  weld  is 
determined  by: 

(1)  Expansion  and  contraction  characteris¬ 
tics  of  the  base  metal  and  the  weld 
metal  during  the  welding  thermal  cycle 

(2)  Temperature  verbus  yield  strength 
relationships  of  the  base  metal  and 
the  weld  metal. 

Much  research  in  mild-steel  weldments  has  shown 
that  the  maximum  stress  is  as  high  as  the  yield 
3tress  of  the  weld  metal.  However,  in  a  recent 
investigation,  (2/  the  maximum  stresses  in  weld¬ 
ments  made  with  heat- treated  SAE  4340  steel  were 
around  50,000  to  80,000  psi,  considerably  less 
than  the  yield  strengths  of  the  v/cld  metal  (around 
150,000  psi)  and  the  base  metal  (224,000  psi).  In 
limited  investigation  on  titanium-alloy  weldments, 
maximum  residuai  stresses  ranging  from  35,000 
to  85,000  psi  have  been  observed,  depending  upon 
the  type  of  ba3e  metal  and  welding  processes, 
However,  the  effects  of  base-metal  and  weld- 
metal  properties  and  welding  processes  on  the 
magnitude  of  residual  stresses  in  titanium-alloy 
weldments  have  r.ot  been  established. 

The  distribution  of  a y  residual  stress  along 
the  length  of  the  weld,  x-x,  is  shown  by  Curve  1 
in  Figure  4-1.0.  9-1  c.  Tensile  stresses  of  rela¬ 
tively  low  magnitude  are  produced  in  the  middle 
partef  the  joint,  and  compressive  stresses  are 
observed  at  the  ends  of  the  joint. 


tions  are  satisfied,  but  that  the  loss  of  strength 
can  be  drastic  when  these  conditions  are  satisfied. 
No  systematic  investigation  has  been  made  on  the 
affects  of  residual  stresses  on  fractures  in 
titanium  -  alloy  weldments.  The  follow, ng  discus¬ 
sions  are  based  on  information  on  steel  weldments 
and  the  limited  data  on  titmiuri-alloy  weldments. 

In  general,  the  effect  of  residual  stress  is 
significant  on  fractures  that  take  place  at  low 
applied  stresses.  Observations  that  have  been 
made  on  various  types  of  fracture  are  as  follows: 

(1)  Ductile  fracture:  Ductile  fracture  occurs 
at  high  stresses  after  general  yielding. 
The  effect  of  residual  stress  on  fracture 
strength  is  negligible. 

(2)  Brittle  fracture:  When  a  notch  is 
located  in  areas  where  high  residual 
tensile  stresses  exist,  brittle  fiacture 
can  initiate  from  the  notch  at  a  low 
applied  stress  and  then  propagate 
through  the  weldment.  Extensive  re¬ 
search  has  been  conducted  during  the 
last  several  years  on  the  low-stress 
brittle  fracture  of  steel  weldments.  No 
systematic  investigations  have  been 
made  on  the  low-stress  brittle  fracture 
of  titanium- alloy  weldments.  Some 
failures  have  been  observed  which  in¬ 
dicate  that  residual  stresses  may  have 
caused  premature  failures  in  titanium- 
alloy  weldments. 


When  the  lateral  contraction  (contraction  in 
y-y  direction  in  Figure  4-1.0.  9-1)  is  restrained 
by  an  external  constraint,  the  distribution  ofay 
is  as  shown  by  Curve  2  in  Figure  4-1.  0.  9-lc.  The 
difference  between  Curves  2  and  1  is  the  reaction 
stress.  An  external  constraint  has  little  influence 
on  the  distribution  of  ax  residual  stresses. 

Residual  stresses  in  the  thickness  direction 
(s  direction)  become  significant  in  butt  joints 
made  with  heavy  plates,  say  over  1  inch  thick. 
From  the  condition  of  equilibrium  of  stresses, 
residual  stresses  in  the  thickness  direction  must 
be  sero  on  both  surfaces  of  the  plate.  Conse¬ 
quently,  *he  thickness-direction  stresses  are 
usually  most  significant  in  the  mid-thickness  re¬ 
gions. 


4-1.0.10  Residual  Stress  Effects 


For  many  years  there  was  a  trend  among 
engineers  to  discount  the  effect  cf  residual  stress, 
since  it  had  been  proven  that  the  effect  or  residual 
stress  is  almost  negligible  when  a  welded  struc¬ 
ture  fails  in  a  ductile  manner.  During  the  last 
several  years,  much  information  has  been  ob¬ 
tained  on  the  effect  of  residual  stress  on  brittle 
fracture  in  steel  weldments.  It  has  been  found 
that  residual  stresses  decrease  the  fracture 
strength  of  weldments  only  when  certain  condi- 


(3)  Stress-corrosion  cracking  and  hydrogen- 
induced  cracking.  Stress-corrosion 
cracking  and  hydrogen-induced  cracking 
occur  under  low,  applied  stresses,  even 
under  no  applied  stress.  Residual 
welding  tensile  stresses  promote  the 
cracking,  while  residual  compressive 
stresses  suppress  the  cracking. 

(4)  Fatigue  fracture:  The  effect  or  residual 
stress  on  fatigue  fracture  is  still  a 
controversial  subject. 

(5)  Buckling  failure:  It  is  known  that  re¬ 
sidual  compressive  stresses  in  the 
base-metal  regions  around  welds  may 
decrease  the  buckling  strength  of  welded 
columns  and  plates. 

4-1.0.11  Residual  Stress  Relieving 

As  indicated  in  the  preceding  section,  there 
are  a  number  of  reasons  for  reducing  or  reliev¬ 
ing  the  residual  stresses  associated  with  welded 
joints.  To  repeat,  it  is  probably  necessary  to  re¬ 
lieve  fhe  residual  stresses  whenever  a  welded 
structure  is:  (1)  manufactured  to  close  dimension¬ 
al  tolerances;  (2)  complex  and  contains  many 
stress  risers;  (3)  subjected  to  dynamic  loading; 

(4)  subjected  to  low- temperature  service;  and 
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4-1.0.  IE  Inspection 
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(5)  subjected  to  service  conditions  that  might  pro¬ 
mote  stress  corrosion. 

Rijidual  stresses  can  be  relieved  in  two 
ways:  {■)  mechanical-stress-relieving  treatments 
that  involve  subjecting  the  weldmer.t  to  tensile 
loads  of  a  certain  stress  level  and  then  removing 
the  load  or  (2)  a  thermal  treatment  (stress- 
relieving  beat  treatment)  in  which  the  weldment 
is  heated  to  a  temperature  at  which  the  yield 
strength  is  low. 

Mechanical  stress- relieving  treatments  take 
a  variety  of  forms.  These  include  tensile  stretch¬ 
ing,  roll  planishing,  and  peening.  With  any 
mechanical  stress- relieving  treatment,  control  of 
the  process  is  difficult.  In  addition,  the  complete 
removal  of  residual  stresses  by  mechanical  tech¬ 
niques  is  difficult  to  accomplish.  Mechanical 
stress-relieving  techniques  are  most  effective  in 
accomplishing  a  redistribution  of  residual  stresses 
i-  a  single  direction.  Effective  stress  relieving 
by  operations  such  as  roll  planishing  requires  that 
the  weld  geometry  be  very  consistent  prior  to  the 
planishing  operation.  Because  of  this  and  other 
inherent  characteristics  of  roll  planishing,  this 
method  of  stress  relieving  is  not  expected  to  be 
very  useful  in  controlling  the  residual  stresses  in 
joints  for  airframes. 


Weldments  produced  by  fusion  processes  are 
inspected  for  two  reasons.  First,  it  is  often  de¬ 
sirable  or  necessary  to  check  changes  in  dimen¬ 
sions  that  may  have  resulted  from  weiding.  The 
visual  and  measurement-type  inspections  per¬ 
formed  for  this  purpose  may  also  include  checks  of 
weld-joint  profile  and  measurements  of  the  weld 
thickness.  Second,  various  inspection  procedures 
are  used  to  ensure  that  the  weldments  produced  are 
of  satisfactory  quality.  The  most  commonly  used 
techniques  in  this  area  include  visual,  dye- 
penetrant,  and  X-ray  techniques.  Various  types 
of  leak  tests  are  also  used  on  components  designed 
to  contain  gases  or  fluids.  Unfortunately,  no  suit¬ 
able  nondestructive  inspection  technique  exists 
for  detecting  weld  contamination  of  titanium  weld¬ 
ments.  Use  is  being  made  of  indications  based  on 
surface  discoloration  during  welding.  However, 
the  presence  or  absence  of  a  discolored  surface  is 
not  a  reliable  method  of  detecting  contamination  of 
titanium  welds  with  interstitial  elements. 

The  ease  with  which  inspection  can  be  ac¬ 
complished  varies  with  different  joint  geometries. 
Butt  joints,  T-joints,  and  corner  joints  are  gen¬ 
erally  much  easier  to  inspect  than  joints  involving 
overlapping  layers  of  material. 


Thermal  stress-relieving  treatments  are 
commonly  employed  for  many  materials,  includ¬ 
ing  a  number  of  titanium  alloys.  Thermal  stress- 
relieving  treatments  can  be  combined  quite  effec¬ 
tively  with  hot  sizing  operations  to  control  both 
the  existing  residual  stresses  and  to  produce  parts 
to  close  dimensional  tolerances.  Thermal  stress- 
relieving  treatments  produce  much  more  uniform 
changes  in  the  residual  stress  patterns  than  do 
mechanical  stress-relieving  treatments.  For 
most  titanium  alloys,  a  treatment  between  1000 
and  1450  F  for  a  period  of  time  ranging  from  1/2 
to  several  hours  is  required  for  stress  relieving. 
Fossible  interactions  between  a  thermal  stress- 
relieving  treatment  and  other  changes  in  a  materi¬ 
al  that  may  affect  its  properties  roust  be  antici¬ 
pated.  For  example,  age  hardening  will  occur 
in  the  6A1-4V  titanium  alloy  within  the  weld  zone 
over  a  certain  temperature  range.  If  this  age 
hardening  is  allowed  to  occur,  it  may  reduce  the 
beneficial  effects  of  stress  relieving.  A  similar 
effect  is  noted  with  the  Ti-13V-llCr-3Al  alloy, 
although  for  different  reasons.  With  this  alloy, 
exposure  to  the  normal  stress-relieving  tempera¬ 
ture  range  will  result  in  a  drastic  loss  of  bend 
ductility  in  the  weld  zone.  Thus,  it  is  necessary 
to  find  other  methods  of  relieving  the  residual 
stresses  in  the  alloy.  This  has  been  done  by  com¬ 
bining  mechanical  and  thermal  treatments  to  alter 
the  residual  stress  patterns  in  the  circumferential 
joints  of  rocket-motor  cases.  (5. 


4-1.0.13  Specifications 


Most  of  the  materials  and  processes  that 
will  be  used  in  titanium  welding  are  covered  by 
some  type  of  specification.  The  oasic  specifica¬ 
tions  are  generally  MIL  standards,  (6, 7)  or  other 
applicable  Federal  Government  specifications. 
However,  the  most  pertinent  and  important  facets 
of  titanium- joining  technology  are  often  not  cov¬ 
ered  by  these  specifications.  Therefore,  most  of 
the  aerospace  companies  have  developed  company 
specifications,  which  are  used  in  lieu  of,  or  in  the 
absence  of,  suitable  Federal  specifications.  (8-10) 
These  company  specifications  are  almost  always 
more  restrictive  and  definitive  than  any  compar¬ 
able  Government-type  specification.  This  is 
probably  because  the  company  specifications  are 
generally  written  with  a  more  limited  coverage 
in  mind,  than  is  the  case  with  many  Government 
specifications. 


The  lack  of  an  adequate  inspection  method 
for  determining  v/eld  contamination  makes  it 
necessary  to  place  a  high  degree  of  reliance  on 
process  specifications  for  fusion-welding  process¬ 
es.  Such  specifications  should  spell  out  in  some 
detail  the  requirements  for  prewcld  cleaning  ana 
for  ensuring  that  all  welds  are  adequately  pro¬ 
tected  during  the  welding  operation  to  prevent 
contamination. 


4-1:67-7 


J 


4-  1.  0.  14  Defects 

The  definition  of  fusion-weld  defects  is 
arbitrary.  Although  many  years  of  experience 
have  been  gained  with  welding  codes  and  specifi¬ 
cations  that  either  prohibit  or  allow  certain 
features  characterized  as  defects,  very  little  of 
this  experience  is  based  on  statistically  sound 
engineering  data.  As  a  result,  features  recog¬ 
nized  as  defects  are  generally  limited  in  accord¬ 
ance  with  very  conservative  practices.  This 
approach  to  defects  has  been  quite  successful  in 
the  past,  but  is  of  some  concern  when  dealing 
with  many  of  the  newer  materials  being  used  in 
various  types  of  fabrication.  This  concern  is 
based  on  the  belief  that  the  removal  of  certain 
types  of  features  classified  as-tibnallowable  de¬ 
fects  often  results  in  more  damage  to  the  serv¬ 
iceability  of  a  structure  than  the  damage  that 
potentially  might  have  been  done  by  allowing  the 
feature  to  remain.  The  reluctance  of  many  weld¬ 
ing  engineers  to  repair  certain  features  is  based 
on  this  feeling,  not  on  a  desire  to  make  the  weld¬ 
ing  job  easier. 

Typical  fusion-weld  features  that  are  some¬ 
times  classified  as  defects  are  shown  in  Figure 
4-1.  0.  14-1. 

The  fabrication  of  defect-free  welds  is 
highly  dependent  on  the  quality  requirements  of 
applicable  specifications  and  on  the  inspection 
methods  that  are  used.  For  example,  hardly 
any  welding  codes  or  specifications  allow  cracks 
in  a  weld.  However,  cracked  welds  can  and  do 
get  into  service  if  inspection  methods  that  will 
insure  detection  of  all  cracks  present  in  a  weld 
are  not  required. 
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The  only  reliable  way  to  determine  what 
weld  features  are  truly  defects  is  to  evaluate  the 
effects  of  such  features  in  a  test  program.  Such 
an  evaluation  must  include  tests  that  are  repre¬ 
sentative  of  the  service  conditions.  Many  defect¬ 
like  weld  features  have  no  effect  on  the  static- 
tension  properties  of  the  weld.  However,  these 
same  features  may  be  found  to  seriously  degrade 
performance  in  a  fatigue  test. 

With  the  knowledge  currently  available  about 
the  performance  of  titanium-fusion  weldments,  a 
conservative  engineering  approach  to  defects 
should  be  followed.  Because  of  the  prevalence  of 
porosity  in  titanium-fusion  weldments,  it  would 
be  desirable  to  determine  more  realistically  the 
extent  to  which  porosity  can  be  allowed,  or  de¬ 
velop  simpler  means  of  minimizing  porosity  than 
those  currently  available. 

4-1 . 0.  14.  1  Porosity 

The  prevalence  of  porosity  problems  in 
titanium  welding  warrants  special  mention.  A 
special  report  on  this  subject  is  available  as  DMIC 
Memorandum  194.  The  Summary  from  this  re¬ 
port  is  repeated  here: 

"Porosity  in  fusion  welds  in  titanium  has 
been  encountered  to  some  extent  in  all  programs 
using  this  joining  method.  While  measures  to 
control  cleanfineas  and  to  employ  good  welding 
techniques  have  successfully  reduced  the  occur¬ 
rence  of  porosity,  specific  identification  of  the 
various  causes  of  porosity  is  still  lacking. 

"Some  factors  suspected  of  causing  por¬ 
osity  in  titanium  welds  are: 

(1)  Hydrogen.  Many  of  the  things  which  when 
eliminated  reduce  porosity  are  sources 

of  hydrogen. 

(2)  Cleanliness  of  Joint  Area.  Mechanical 
cleaning  of  edges  to  be  v/elded  and 
adjacent  surfaces  reduces  porosity  and 
improves  uniformity  of  welds.  Two 
factors  shown  to  increase  porosity  are 
fingerprints  and  handling  with  dirty 
rags  or  lint-bearing  gloves.  Plasti¬ 
cizers  dissolved  from  rubber  gloves 
by  sol  ents,  especially  alcohol,  have 
been  identified  as  a  cause  of  porosity. 
"Soapy"  residue  in  cloths  used  for 
wiping  cleaned  joint  areas  also  has 
been  identified  as  a  cause  of  porosity. 

(3)  Contamination  in  Filler  Wire.  Surface 
inclusions  worked  into  the  filler  wire 
during  a. awing  have  been  identified 
as  a  major  cause  of  porosity. 


FIGURE  4- 1.  0.  14- 1.  FUSION-WELD  DEFECTS 
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(4)  Welding  Procedures  and  Techniques. 
There  is  evidence  that  some  of  the 
parameters  associated  with  welding 
procedures  also  affect  porosity. 

Many  of  these  are  interrelated  and 
the  offending  parameters  are  not  well 
identified;  however,  improper  technique 
in  tack  welding  and  wide  joint  gaps  in 
fusion  welding  have  been  identified  as 
causes  of  porosity.  Other  parameters 
that  play  a  part  in  causing  porosity  are 
rates  of  heat  input,  rates  of  cooling, 
welding  speeds,  arc  voltage,  and  rates 
of  gas  flow.  11 

Anyone  encountering  porosity  problems  should  ob¬ 
tain  this  report,  as  it  contains  a  good  summary  of 
published  information  on  the  subject. 

Unpublished  data  generally  confirm  the 
DMIC  summary.  ^0  In  addition,  data  showing 
the  effects  of  edge  preparation,  pickling,  preheat, 
and  welding  variables  on  porosity  formation  are 
available. 

Porosity  in  titanium  welds  can  be  controlled 
if  the  procedures  that  have  been  developed  by  the 
many  investigations  in  the  area  are  followed. 

4-1.0.15  Repairs 


As  mentioned  in  the  preceding  section,  re¬ 
pair  of  fusion  weldments  is  not  desirable.  How¬ 
ever,  It  is  an  almost  inevitable  occurrence  in 
production  operations.  Perhaps  the  most  im¬ 
portant  aspect  of  repair  welding  is  determining 
what  caused  the  defect  that  must  be  repaired. 

With  titanium,  this  is  important,  not  only  for  its 
feedback  value  to  minimize  the  need  for  subse¬ 
quent  repairs,  but  also  to  determine  a  suitable 
repair- welding  procedure. 

Cracks,  which  occur  rarely  in  titanium- 
fusion  weldments,  are  generally  the  result  of 
contamination  from  some  external  source.  For 
example,  copper  may  get  into  a  weld  if  the  equip¬ 
ment  malfunctions  during  MIG  welding.  To  effect 
a  successful  repair,  the  material  contaminating 
the  titanium  must  be  removed  first.  Fusion  welds 
that  are  contaminated  as  a  result  of  poor  shield¬ 
ing  may  require  complete  removal  of  the  first 
weld  made  and  its  replacement. 

Whenever  practical,  the  welding  fixtures 
and  process  used  on  the  original  weld  should  be 
used  for  the  repair.  When  this  is  not  possible, 
it  is  common  practice  to  use  manual  TIG  welding 
for  repair  operations.  The  shielding  precautions 
used  in  the  original  welding  procedure  should  be 
used  for  all  exposed  surfaces  of  the  weldment. 
Porosity  can  often  be  reduced  to  an  acceptable 
level  by  remelting  a  weld  under  the  same  condi¬ 
tions  originally  used  to  make  the  joint. 


4-1.1  TIG  WELDING 

TIG  welding  is  used  extensively  for  joining 
titanium  alloys  and  many  other  high-quality  ma¬ 
terials.  TIG  welding  can  be  done  manually,  semi- 
automatically ,  or  fully  automatically.  TIG  weld¬ 
ing  is  particularly  suited  for  joining  of  very  thin 
materials.  It  can,  however,  be  used  on  almost 
any  thickness,  but  as  the  thickness  increases 
above  about  0.  12  inch  other  fusion-welding  proc¬ 
esses  may  be  more  applicable. 

In  TIG  welding,  all  of  the  heat  required  to 
melt  the  joint  edges  is  supplied  by  an  arc  between 
a  tungsten  electrode  In  the  welding  torch  and  the 
workpiece.  The  arc  and  surrounding  area  is  kept 
free  of  air  by  a  flow  of  inert  gas  around  the  tung¬ 
sten  electrode.  TIG  welds  are  often  made  in 
which  only  the  edges  of  the  parts  to  be  joined  are 
melted.  Sometimes,  additional  metal  is  added  to 
the  weld  by  using  a  filler  wire.  Filler  wire  is 
always  added  when  the  joint  contains  a  groove  or 
similar  preparation.  The  addition  of  filler  wire 
to  joints  that  are  not  grooved  (square-butt  joints) 
increases  the  tolerance  of  TIG  welding  for  slight 
variations  in  the  joint  fitup.  This  can  be  quite 
important  in  welding  titanium,  since  the  metal  is 
very  fluid  when  melted. 

Most  TIG  welding  of  titanium  has  been  done 
in  the  flat  welding  position.  Other  welding  posi¬ 
tions  have  been  used  to  a  limited  extent.  When 
welding  titanium  in  other  positions,  the  changes  in 
shielding-gas  behavior  should  be  anticipated. 

Welds  made  in  the  horizontal  position  would  be 
expected  to  be  slightly  more  prone  to  porosity 
entrapment  than  welds  made  in  other  positions. 
Vertical  welding  may  have  advantages  in  the  fab- 
ricat'on  of  airframe  components. 

4-1,  1,  0  Equipment 

Conventional  TIG  welding  power  supplies, 
torches,  and  control  systems  are  used  effectively 
in  welding  titanium.  No  significant  changes  in 
welding  characteristics  or  weld  properties  have 
been  reported  that  can  be  attributed  to  the  use  of 
any  specific  type  of  welding  equipment.  The  con¬ 
ventional  TIG  welding  equipment  selected  for  use 
must  be  supplemented  with  auxiliary  shielding 
devices. 

Several  types  of  shielding  chambers  have 
been  used  to  weld  titanium  and  other  reactive 
metals.  Such  chambers  are  designed  to  contain 
the  entire  component  to  be  welded,  or  in  some 
cases,  merely  the  weld- joint  area.  The  air  in 
the  chamber  is  replaced  with  inert  gas  by  (1)  evac¬ 
uation  and  backfilling,  (2)  flow  purging,  or  (3) 
collapsing  the  chamber  and  refilling  with  fnert 
gas.  Welding  chambers  are  particularly  useful 
in  the  welding  of  complex  components  that  would 
be  difficult:  to  fixture  and  protect  properly  in  the 
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air.  Use  of  a  welding  chamber,  however,  is  not 
a  cure-all.  The  inert  gas  in  many  welding  cham¬ 
bers  is  of  much  poorer  quality  than  the  inert  gas 
contained  in  the  conventional  flowing  shields. 
Leakage  of  air  or  water  vapor  into  a  chamber  at¬ 
mosphere  must  be  avoided  to  do  a  good  job  in 
welding  titanium.  Monitor  devices  that  will  dis¬ 
close  contamination  of  a  chamber  atmosphere  are 
available. 

Titanium  alloys  also  can  be  welded  very 
successfully  in  air  with  the  right  supplemental 
equipment.  The  inert  gas  flowing  from  a  conven¬ 
tional  TIG  welding  torch  is  generally  not  suffi¬ 
cient  to  protect  titanium  during  welding.  Auxil¬ 
iary  trailing  shields  attached  to  the  welding  torch, 
or  auxiliary  shielding  devices  built  into  the  weld 
tooling  afford  the  required  protection.  The  im¬ 
portance  of  tooling  to  assist  in  weld  shielding 
was  discussed  in  Paragraph  4-1.  0.  6.  Figure 
4-1.  1.  0-1  shows  a  commonly  used  type  of 
trailing  shield.  Such  shields  are  designed  to  sup¬ 
ply  a  uniform  nonturbulent  flow  of  inert  gas  over 
the  weld  as  it  cools  behind  the  torch.  It  is  much 
easier  to  ensure  good  shielding  during  mechanized 
TIG  welding  than  in  manual  operations.  Mech¬ 
anized  welding  operations  are  certainly  recom¬ 
mended  and  are  used  wherever  possible  i«.  weld¬ 
ing  titanium  assemblies  for  this  and  many  other 
reasons. 

Direct- current  straight  polarity  is  nor¬ 
mally  used  in  TIG  welding  of  titanium. 

Use  has  also  been  made  of  back-up  flux^^ 
to  protect  the  underside  of  the  joint  during  arc 
welding,  thus  eliminating  the  need  for  reverse- 
side  shielding  gas.  The  nonreactive  flux,  applied 
as  a  paste,  powder,  or  ta-e,  fuses  on  heating  and 
subsequently  volatilizes  to  seal  the  weld  from  the 
atmosphere. 
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4-1,  1.  1  Materials 

The  materials  used  in  TIG  welding  do  not 
differ  markedly  from  those  used  in  other  fusion¬ 
welding  processes.  For  welds  of  very  short 
length,  cut  and  straightened  lengths  of  filler  wire 
may  be  used  instead  of  continuous  coils.  Cut 
lengths  are  easier  to  clean  immediately  prior  to 
welding  than  coiled  products.  In  manual  TIG  weld¬ 
ing,  sheared  strips  of  base-metal  sheet  are  some¬ 
times  used  as  filler  wire.  On  rare  occasions,  a 
similar  procedure  is  used  in  mechanized  welding 
when  a  preplaced  strip  of  sheet  is  inserted  in  the 
joint  to  serve  as  a  filler  metal.  This  procedure 
is  not  recommended  for  titanium  because  of  the 
difficult  handling  and  potential  contamination  prob¬ 
lems  involved. 


4-1.  1.  2  Welding  Conditions 


Welding  conditions  are  dependent  on  material 
thickness,  joint  design,  the  type  of  weld  tooling 
being  used,  and  whether  manual  or  machine  welds 
are  made.  Also,  for  any  given-t'hickness  and  joint 
design,  various  combinations  of  amperage,  volt¬ 
age,  welding  speed,  and  filler- wire  input  speed  are 
satisfactory.  As  a  result,  no  hard  and  fast  rules 
can  be  specified  for  welding  conditions.  Pertinent 
comments  that  are  related  to  welding  conditions 
appear  in  Paragraph  4-1.  0.  5,  Inert  Gas;  Para¬ 
graph  4- 1.  0.  7,  Heat  Input;  Paragraph  4- 1.  0.  8, 
Shrinkage  —  Distortion;  and  Paragraph  4-1.  0.  14, 
Defects.  Table  4-1.  1.2-1  illustrates  typical 
welding  conditions  that  have  been  used  in  the  TIG 
welding  of  titanium. 


Welding  conditions  generally  do  not  have  to 
be  adjusted  radically  to  accommodate  the  various 
titanium  allovs.  Welding  conditions  are  often 
adjusted  as  a  means  of  controlling  weld  porosity. 
Almost  any  change  in  a  welding  condition  whose 
net  result  is  to  decrease  the  freezing  rate  of  the 
weld  will  produce  a  decrease  in  porosity.  Such 
changes  are  not  consistent  with  good  shielding 
practice,  but  sometimes  they  must  be  used. 


4-1.  1,3  Properties 


A  large  number  of  joint  tests  have  been  made 
on  TIG  welds  in  the  titanium  alloys  of  interest.  A 
complete  analysis  of  this  data  has  not  been  possible 
during  this  program,  *  Sources  of  TIG  weld  data 
are  listed  in  Table  4-1.  1.  3-1. 


The  properties  measured  by  static  tension, 
notch  tension,  bend  and  crack  susceptibility  tests, 
compare  very  favorably  with  parent-metal  prop- 
erties.  Axial  tension  fatigue  tests  generally  show 
♦Most  test  data  are  from  specimens  welded  with¬ 
out  filler  metal  and  which  have  not  been  stress 
relieved.  Considering  this  and  the  general 
problems  ip  projecting  data  from  small  speci¬ 
mens,  a  detailed  analysis  may  not  be  warranted. 
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TABLE  4-1.  1.  2-1.  TIG  WELDING  CONDITIONS  FOR  VARIOUS  ALLOYS 


Material 

Thickness, 

inch 

Travel 

Speed, 

ipm 

Current, 

amp 

Arc 

Voltage, 

volts 

Filler  Wire 
Diameter,  Speed, 
inch  inch 

Flow  Rate, 
cfh. 

an.i  Gas 

Reference 

0.  008 

16 

10 

14 

1  lHe 

_  _ 

0.  02 

5-1/8 

27 

— 

0.  03 

7.  7 

7 A,  3.i e 

13 

0.  03 

10 

30 

10 

— 

-- 

15A 

-- 

0.  04 

14 

30 

20 

0.  032 

18 

30Ke 

17 

0.  05 

Manual 

65 

9 

-  - 

10A 

21 

0.  05(a) 

7 

60 

9 

... 

20A 

14 

0.  05(a) 

6 

60 

9.3 

— 

-- 

18A 

14 

0.  06 

10 

95 

10 

•*- 

— 

15A 

21 

0.  06 

12 

125 

10 

0.  062 

22 

15A 

21 

0.  07 

Manual 

90 

9 

-- 

— 

I5A 

£1 

0.  08 

Manual 

125 

9 

-- 

-- 

15A 

21 

0.  09 

10 

195 

12 

— 

— 

20A 

21 

0.  09 

12 

210 

12 

0.  062 

22 

20A 

21 

0.  125 

12 

230 

12 

0.  062 

20 

70A 

21 

0.  125<a> 

15 

180 

18 

— 

Chamber  He 

15 

0.  125(a) 

8 

110 

18 

— 

Chamber  He 

15 

0.  140 

4.  5 

165 

13 

0.  047 

26 

40He 

5 

0.  20(a) 

6 

205 

12 

-- 

-- 

50He 

14 

0.  20<a> 

4 

205 

14 

— 

-- 

40He 

14 

(a)  Two-pass  procedure. 


a  significant  decrease  in  properties  compared  to 
similar  parent  metal  specimens.  Fracture- 
toughness  test  results  on  fusion  weldments  are 
not  easily  interpreted.  Depending  on  the  evalua¬ 
tion  criteria  selected,  the  data  from  these  tests 
are  indicative  of  fair  to  good  performance.  Weld¬ 
ment  thermal  stability  trends  in  the  8AI-IM0-IV 
and  6A1-4V  alloys  appear  to  parallel  parent-metal 
trends, 

TIG  weldments  have  been  used  in  several 
structural  test  components.  The  behavior  of  weld¬ 
ments  in  such  tests  is  by  far  the  best  evaluation 
of  joint  properties.  Reported  behavior  to  date  i* 
encouraging,  with  few  exceptions.  Delayed  crack¬ 
ing  of  weldments  has  been  observed  in  some  in¬ 
stances.  In  some  cases,  the  reasons  have  been 
apparent  and  solutions  obvious.  Where  the  cause 
of  such  cracking  is  not  known,  a  strong  effort  to 
find  the  cause  is  indicated. 

4-L2  MIG  V  ELDING 

MIG  welding  is  being  developed  for  joining 
titanium  alloys  and  has  been  used  to  a  somewhat 
lesser  degree  than  TIG  welding  for  actual  pro¬ 
duction  components.  MIG  welding  can  be  semi¬ 
automatic  or  fully  automatic.  MIG  welding  is 
particularly  well  suited  for  the  joining  of  thicker 
sections  of  titanium.  The  process  is  very  econ¬ 
omical  for  this  type  of  work  because  high  weld¬ 
finishing  rates  are  obtainable.  However,  MIG 
welding  can  be  used  for  material  with  thicknesses 
•lown  to  cbout  1/S  inch. 


In  MIG  welding,  the  heat  required  to  melt 
the  joint  edges  is  supplied  by  an  arc  between  a  con 
sumable  metal  electrode  in  ine  welding  torch  and 
the  workpiece.  For  welding  of  titanium,  the  con¬ 
sumable  electrode  is  either  commercially  pure- 
titanium  wire  or  a  titanium-alloy  wire.  The  arc 
and  surrounding  area  are  kept  free  of  air  by  a 
flow  of  inert  gas  around  the  electrode,  as  in  TIG 
welding.  AH  of  the  metal  added  to  the  weld  joint 
is  supplied  by  the  consumable  electrode.  This 
metal  is  transferred  from  the  electrode  to  the 
workpiece  as  fine  droplets  or  metal  spray.  The 
metal  being  transferred  across  the  arc  may  be  ex¬ 
posed  to  much  higher  temperatures  than  if  it  were 
just  being  melted.  The  combination  of  very  high 
temperatures  and  fine  particle  sizes  represents  a 
set  of  conditions  ideal  for  the  contamination  of 
titanium.  Therefore,  in  MIG  welding,  it  is  ex¬ 
tremely  important  that  the  arc  area  be  completely 
protected  from  exposure  to  any  gases  other  than 
the  inert  gasee. 


4-  1.  2.  0  Equipment 


Conventional  MIG  welding  power  supplies, 
torches,  and  control  systems  are  used  effectively 
in  welding  titanium.  The  nature  of  MIG  welding 
msires  this  process  somewhat  more  sensitive  to 


changes  in  welding- equipment  characteristics  thar 


is  the  case  for  TIG  welding.  The  limited  publishe 
information  on  MIG  welding(21  >  34-37)  indicates 


that  constant  potential  power  sources  are  being 


used  with  various  types  of  constant  wire  feeders. 


Conventional  MIG  welding  torches  are  modified 


TABLE  4-1.  1.  3-1.  TIG  WELD  PROPER  TY  DATA  SOURCES  4-1:67-11 


Base  Allov^i 

Tiller 

Alloy 

TeS* 

Condition'*3' 

Thickness , 
in. 

Type  of  Tests  and  Test  Temperature,  F 

Referenci 

D 

D 

A 

0.  187/0.  250 

Static  tension  (RT)  and  bend  (RT) 

13 

B 

D 

A 

0.  02/0.  09 

Static  tension  (RT)  and  bend  (RT) 

13 

B 

B 

A 

0.  032 

Static  tension  (RT)  and  bend  (RT) 

13 

B,D 

A 

0.  050 

Static  tension,  notched  tension  (Ktr3),  fracture 
toughness,  and  fatigue  (-110,  75,  400,  650); 
bend  (RT) 

14 

B,D 

**“ 

A 

0.  20 

Same  as  above  except  static  tension  at  75  and 

650  only;  add  thermal  stability 

14 

B 

A,  B 

D 

0.  125 

Bend  (RT)  Charpy  V  notch  impact  (-40  to  65  C) 

15 

E 

E 

A 

0.  12* 

Bend  (RT)  Charpy  V  notch  impact  (-40  to  65  C) 

15 

F 

A 

D,E,F 

0.  140 

Static  tension  and  bend  (RT) 

5 

E 

E 

A 

0.  125 

Static  tension  and  notched  tension  (K^-8) 

(-40,  70,  200,  400) 

5 

E 

E 

A,D 

0.  125 

Fracture  toughness,  bend,  traxial  stress  (RT) 

5 

E 

A 

A,  D 

0.  125 

Static  tension,  notched  tension  (Kt=8),  bend, 
and  fracture  toughness  (RT) 

5 

E 

A ,  D 

D 

0.  14 

Cyclic  loading  (RT) 

5 

B 

A 

E 

0.  18 

Cyclic  loading  (RT) 

5 

E 

E 

A 

0.  14 

Hydrostatic  burst  (RT) 

5 

E 

E 

(c) 

0.  14 

Static  tension,  fracture  toughness,  cyclic 
loading  (RT),  and  hydrostatic  burst 

5 

E 

E 

A,  C,  D 

0.  1 

Static  tension,  notched  tension  (Kt=16),  and 
bend  (RT) 

16 

E 

(d) 

D,E 

0.  04 

Static  tension  and  oend  (RT) 

17 

B 

<d) 

D,E 

0.  04 

Static  tension  and  bend  (RT) 

17 

B 

A 

B 

0.  06(7) 

Stat  c  tension  (r.T) 

18 

B 

A,  none 

A,D 

0.  025 

Bend  (RT) 

19 

D 

A,  B,  C,  D,  E 

A 

Data  from  before  I960 

0.  02,  0.  09 

Static  tension  and  thermal  stability  (RT,  600, 
800,  1000),  bend  (RT) 

20 

21 

D 

-- 

-- 

0.  02  to  2 

Comprehensive  evaluations 

1 

D 

A 

0.  032,  0.06 

0.  071 

Static  tension,  notched  tension  (Kt=16) 

(RT,  600) 

Thermal  stability  (RT,  600,  800,  1000); 
thermal-stress  stability  (RT) 

22 

D 

A 

0.  062 

Static  tension  (-320  ,  -110,  -6  5,  RT,  800, 
1000),  bend  test  (RT),  creep  stability  (RT), 
and  notched  tension  (K^=3  and  6)  (-320,  -110, 
and  -65,  RT) 

23 

D 

B 

0.  062 

Static  tension  (RT) 

23 

B 

— 

A 

-- 

Static  tension  (RT  to  800) 

24 

B 

-- 

G 

— 

Static  tension  (RT  to  800) 

24 

D 

-- 

A 

Static  tension  (RT  to  800) 

24 

B,  D 

-- 

-- 

— 

Fatigue  (RT) 

24 

B 

A,B,C 

B 

0.  060 

Static  tension,  longitudinal  and  transverse 

25 

B 

A,B,C 

F 

0.  060 

Static  tension,  longitudinal  and  transverse 

25 

B 

A,B,C 

B 

0.  250 

Static  tension,  longitudinal  and  traneverse 

25 

D 

D 

A 

0.  045,  0.090 

Static  tension  (RT  and  ET) 

26 

F 

A,C,D,F 

A 

0.  040,  0.  080 

Static  tension  (RT) 

26 

C 

A.  . 

A 

0.  125-0.  250 

Static  tension,  bending  fatigue 

27 

G 

A(«) 

C 

0.  125 

Static  tension, (RT),  bend  (RT),  impact 

28 

G 

at*' 

C,G 

0.  125 

Static  tension  (RT),  bend  (RT),  impact 

28 

G 

A 

D 

0.  125 

Bend  (R7),  Charpy  V  notch  impact  (-40  to  65  C) 

15 

G 

G 

A,  C 

0.  090 

Bend  (RT),  static  tension 

29 

G 

Varioua 

C,D 

0.  040 

Bend  (RT) 

30 

G 

A 

C 

0.  125 

Longitudinal  and  transverse  static  tension  (RT), 
fracture  toughness 

31 

G 

**- 

C,D 

0.  063 

Longitudinal  and  transverse  static  tension 
(-320  to  80  F) 

32 

H 

•• 

A,B,C 

0.  040 

Static  tension  (RT  and  600  F),  notched  tensile, 
creep  stability 

33 

H 

A 

c 

0.  08 

Static  tension  (RT),  notched  tensile) 

33 

M 

6.M-2MO 

c 

0.  08 

Static  tension  (RT),  notched  tensile) 

33 

(a)  A  -  cp  Tl,  B  =  6A1-4V,  C  =  5A1-2.  5Sn,  D  =  8AI-IM0-IV,  E  =  I3V-lICr-3Al,  F  =  6Al-6V-2.sn, 

G  =  4A1-3MO-1V,  H  =  6Al-2Sn-4Zr-2Mo. 

(b)  A  =  annealed,  a*  welded;  B  =  welded,  atresa  relieved;  C  =  annealed,  welded,  aged;  D  =  aged,  welded;  E  =  aged, 
welded,  aged;  F  =  aged,  welded,  annealed;  G  =  annealed,  welded,  annealed,  aged. 

(c  After  apecial  poatweld  hot  rolling  to  relieve  residual  atreaaea. 

(d)  Nine  different  filler  alloya  uaed. 

(e)  Varioua  other  filler  wires. 
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to  provide  the  necessary  supplemental  gas  shield¬ 
ing  needed  for  titanium.  Although  MIG  welding 
has  been  conducted  m  vacuum-purged  weld  cham¬ 
bers,  it  is  likely  that  most  applications  of  this 
process  will  be  set  up  in  air. 

For  in- air  welding  with  the  MIG  process, 
supplemental  shielding  devices  similar  to  those 
described  in  Paragraph  4-1.  1.  0  for  TIG  welding, 
should  be  employed.  Trailing  shields  designed 
for  MIG  welding  are  usually  considerably  longer 
than  those  U3ed  in  TIG  welding.  This  is  to  ensure 
good  protection  for  the  larger  volumes  of  material 
that  are  heated  during  MIG  welding  and  that  cool 
slower. 

Direct- current  reverse  polarity  is  normally 
used  in  MIG  welding  of  titanium. 


welding  conditions  are  the  material  thickness,  joint 
design,  weld  tooling,  and  whether  manual  or  ma¬ 
chine  welding  techniques  are  being  used.  The  first 
group  of  factors  affecting  welding  conditions  usu¬ 
ally  set  minimum  limits  on  the  usable  current  and 
voltage.  Variation  above  these  minimums  com¬ 
bined  with  the  possible  variations  introduced  by  the 
second  group  of  factors  make  it  possible  to  pro¬ 
duce  welds  of  very  similar  appearance  with  many 
possible  combinations  of  welding  conditions.  Table 
4-1.  2.  2-1  illustrates  some  of  the  combinations 
that  have  been  used  iu  the  MIG  welding  of  titanium 
and  its  alloys  by  various  investigators.  Insufficient 
work  has  been  reported  on  MIG  welding  to  allow 
any  comment  on  the  most  suitable  conditions  of 
those  that  have  been  investigated. 

4-1.2.  3  Properties 


4-1.2.  1  Materials 

MIG  welding  is  a  process  highly  dependent 
on  obtaining  good  materials.  The  most  important 
material  in  MIG  welding  is  the  welding  electrode 
or  filler  wire.  MIG  welding  makes  use  of  wire 
provided  in  coil  form.  Other  methods  of  supply¬ 
ing  wire  are  impractical  for  MIG  welding.  The 
quality  requirements  for  MIG  welding  wire  are 
perhaps  even  more  stringent  than  comparable 
requiremenis  for  TIG  wire.  One  reaon  for  this 
is  that  the  current  flowing  in  the  welding  arc  must 
be  transferred  from  a  contact  or  guide  tube  to  the 
wire  just  above  the  point  at  which  the  arc  is  burn¬ 
ing.  A  very  uniform  wire  size  (diameter)  is  im¬ 
portant  to  effecting  good  current  transfer  into  the 
arc.  Also,  the  wire-feed  speeds  employed  in  MIG 
welding  are  much  higher  than  those  employed  in 
TIG  welding.  Therefore,  any  wire  characteristic 
that  tends  to  impede  the  flow  of  wire  through  the 
welding  torch  may  cause  an  undesirable  variation 
in  welding  conditions  or  even  an  equipment  mal¬ 
function.  Such  undesirable  characteristics  as 
kinks,  soft  spots,  and  rough  surfaces  are  not 
tolerable  in  MIG  welding  wire. 


4-1.  2.  2  Welding  Conditions 


The  welding  conditions  employed  in  MIG 
welding  are  dependent  on  two  separate  groups  of 
factors.  First,  a  suitable  combination  ol  current 
and  voltage  must  be  selected  that  will  prodv.ee  the 
desired  arc  characteristics.  The  arc  stability 
and  metal  transfer  occurring  in  a  MIG  arc  are 
very  dependent  on  these  electrical  variables  and 
the  composition  of  the  shielding  gas  used.  At  low 
current  densities  (current  divided  by  the  cross- 
sectional  area  of  the  electrode  wire),  metal 
transfer  is  erratic  and  consists  of  large  metal 
particies.  As  the  current  density  is  increased 
arc  stability  is  improved  and  metal  transfer 
changes  to  a  characteristic  spray-type  transfer. 
High- current-density  welding  conditions  are  gen¬ 
erally  preferred  in  the  MIG  welding  of  most  mate¬ 
rials.  The  second  group  factors  affecting  the 


The  sources  of  property  data  for  MIG  welds 
are  shown  in  Table  4-1.  2.  3-1.  Only  smooth  and 
notched  tension  and  Charpy  V  notch  impact  data 
are  available.  Satisfactory  properties  are  gener¬ 
ally  obtained  in  alpha  or  alpha-beta  alloys.  Very 
low  impact  properties  are  obtained  in  the  beta 
alloy. 

Cracking  during  or  after  welding  has  been 
reported  in  connection  with  MIG  welding  of  thick 
titanium  plates  in  some  alloys. 

4-1.3  ELECTRON-BEAM  WELDING 


Electron-beam  welding  is  an  extremely 
attractive  process  for  use  in  joining  titanium  and 
other  highly  reactive  materials.  One  major  ad¬ 
vantage  of  the  process  is  that  all  welding  occurs  in 
a  high-vacuum  chamber.  Contamination  of  the 
weldment  from  external  sources  is  essentially 
nonexistent  during  electron-beam  welding.  All 
electron-beam  welding  is  done  with  mechanized 
equipment.  Electro:.-beam  welding  is  applicable 
to  all  of  the  thicknesses  that  might  be  involved  in 
the  airframe  structure  of  large  or  high-performance 
aircraft  up  to  about  2  inches.  Electron-beam  welds 
made  with  high- power- density-type  equipment  ex¬ 
hibit  a  characteristic  high  depth- to-width  ratio  of 
the  weld  metal  and  heat-affected  zone.  This  char¬ 
acteristic  is  advantageous  from  the  standpoint  of 
minimizing  the  distortion  that  normally  accompan¬ 
ies  welding.  It  may  also  result  in  welds  whose 
properties  are  not  altered  significantly  from  those 
of  the  base  material. 


In  electron-beam  welding,  the  heat  required 
to  melt  the  joint  edges  is  supplied  by  an  electron 
beam  generated  in  an  electron  gun.  This  beam  is 
focused  and  accelerated  so  that  it  strikes  the  joint 
line  parallel  to  the  existing  interface.  Electron- 
beam  welds  are  usually  made  without  the  addition  of 
any  filler  wire.  In  very  thick  material,  the  first 
pass  made  to  completely  penetrate  the  joint  some¬ 
times  is  undercut  along  both  edges  cf  the  weld 
metal.  This  undercutting  can  be  minimized  by  a 
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TABLE  4-  1.  2.  2-  1.  MIG  WELDING  CONDITIONS  FOR  VARIOUS  ALLOYS 


Material 

Thickness 

inch 

Travel 
,  Speed, 

ipm 

Current, 

amp 

Arc 

Voltage, 

volts 

Tip  to 

Electrode  Work 

Diameter,  Speed,  Distance 

inch  ipm  inch 

Flow  Rate, 

,  cfh, 

and  Gas 

Reference 

0.  125 

15 

250/260 

20 

0.  062 

200/225 

50A,  15He 

21 

0.  250 

15 

300/320 

30 

0.  062 

300/320 

50A,  15Hc 

21 

0.  375 

25 

350/360 

33 

0.  045 

865  0.  6<a> 

20A,  lOOHe 

1 

0.  500 

15 

340/360 

40 

0.  062 

375/400 

50A,  15He 

21 

0.625 

15 

350/370 

45 

0.  062 

400/425 

50A,  15  He 

2j 

0.  625 *b) 

Manual 

300/320 

38 

0.  062 

-- 

36 A,  lOHe 

36 

0.  71 

7.  2 

340/345 

31/32 

0.  08 

340 

A,  He 

28 

1.  o(fa) 

20 

320/330 

37 

0.  062 

380  1.2 

70A 

35 

1.  0(b) 

23 

340/350 

36 

0.  062 

380  1.2 

70A 

35 

2.  0<b) 

Manual 

300/320 

38 

0.  062 

-- 

36A,  lOHe 

36 

2.  0<b) 

20 

330/340 

33 

0.  062 

450  0.750/1. 

12  Chamber  A 

34 

2.  0(b) 

30 

315/325 

33 

0.  062 

450  0.  87-3 

Chamber  A 

34 

(a)  8-degree  leading  angl 

e. 

(b)  Multipass  procedures 

• 

TABLE  4-1.  2 

.  3-1.  MIG  WELD- PROPERTY  DATA  SOURCES*3) 

Properties  Reported  and  Temperature  Range 

Base(b) 

Thickness 

,  Static 

Notched  Charpy 

Alloy 

Filler  Alloy 

inch 

Tension'0'  Tension(c)  V  Notch 

Other 

Reference 

A,  B,  C 

Various 

Data  from  before  1960 

21 

A 

A  and  B 

2 

RT 

-- 

-80  to  +80 

— 

34 

C 

A,  B,  C 

2 

RT 

-- 

-80  to  +80 

-- 

34 

E 

E 

2 

RT 

-- 

-80  io  +80 

-- 

34 

B 

A  and  B 

2 

RT 

— 

-80  to  +80 

-- 

34 

B 

A ,  B,  C 

1 

RT 

RT  (Kt= 

3.9)  -300  to  150 

Flat  tension 

35 

B 

A  and  B 

2 

RT 

-- 

-- 

-- 

36 

B 

B 

0.500 

RT 

-- 

-- 

-- 

25 

D 

A 

0.870 

RT 

-- 

-- 

-  - 

25 

G 

Various 

0.  250 

RT 

— 

-- 

Bend,  impact 

28 

C<d> 

C 

0.560 

RT 

— 

-- 

38 

C(d) 

C 

— 

-- 

— 

-- 

Fracture 

38 

toughners 

(-320  to  580  F) 

G 

A 

0.  125 

RT 

— 

— 

-  - 

31 

G*e) 

A 

0.  125 

RT 

— 

— 

Fract'tre 

31 

toughness 

(-200  to  800  F) 

G*f) 

A 

0.  125 

RT 

-- 

— 

Fracture 

31 

toughness 

■  1  III 

(-200  to  800  F) 

(a)  Annealed,  as  welded. 

(b)  A  =  cp  Ti,  B  =  6A1-4V,  C  =  5A1-  \5Sn,  D  =  8AI-IM0-IV,  E  =  13V-llCr-3Al,  G  =  4Al-3Mo-lV. 

(c)  0.  505  round  specimens. 

(d)  Using  back-up  flux. 

(e)  Annealed,  welded,  aged. 

(f)  Aged,  welded. 
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secoi'd  weld  pass  made  at  somewhat  lower  energy 
levels  with  a  slightly  defocused  beam,  or  elim¬ 
inated  by  addition  of  filler  metal  thiough  cold-wire 
feed  or  scab  overlay.  The  underside  of  electron- 
beam  welds  also  may  exhibit  an  undesirable  con¬ 
tour.  Some  type  of  metal- removal  operation  is 
gei.erally  required  to  produce  an  acceptable  under¬ 
side  contour. 

The  flat  welding  position  is  generally  used 
in  electron-beam  welding.  The  welding  positions 
that  can  be  used  are  limited  by  the  versatility  of 
the  available  welding  equipment.  Obtaining  good 
shielding  is  not  a  factor  affecting  the  selection  of 
the  welding  position  during  electron-beam  welding. 

4-  1.3.0  Equipment 

Any  type  of  electron-beam  welding  unit  can 
be  used  effectively  for  welding  titanium.  Units 
that  characteristically  produce  a  lew-power- 
density  beam  will  not  produce  the  high  depth-to- 
width  type  weld  that  can  be  produced  on  high- 
power-den3ity  equipment.  However,  acceptable 
welds  can  be  made  with  either  type  of  equipment. 
Special  electron-beam  units  using  either  clamp- 
on  type  chambers  of  special  electron  gun  assem¬ 
blies  designed  to  allow  the  electron  beam  to  be 
projected  ,nto  the  air  have  not  seen  much  use  on 
titanium.  Clamp-on  type  chambers  may  be  quite 
useful  in  the  joining  of  long  lengths  of  special 
shapes  fabricated  from  titanium.  It  is  expected 
that  the  welding  of  components  of  high-speed  air¬ 
craft  will  make  use  of  portable,  local  high-vacuum 
chambers  as  well  as  standard  high-vacuum- 
equipment  units. 

4-  1.  3.  1  Materials 

No  special  material  requirements  are  in¬ 
volved  in  electron-beam  welding.  However,  be¬ 
cause  of  the  very  high  solidification  rates  associ¬ 
ated  with  most  electron-beam  welding,  it  is  im¬ 
perative  that  the  weld  area  of  the  parts  to  be 
joined  be  very  clean  prior  to  welding.  The  high 
freezing  rates  associated  with  electron-beam  weld¬ 
ing  allow  very  little  time  for  the  escape  of  any 
gaseous  impurities  during  welding.  Thus,  it  is 
possible  that  electron-beam  welds  are  somewhat 
more  prone  to  porosity  formation  than  other  types 
of  fusion  welds.  To  date  there  is  very  little  evi¬ 
dence  either  to  substantiate  or  refute  this. 

4-1.  3.  2  Welding  Conditions 

The  welding  conditions  used  in  electron- 
beam  welding  are  dependent  on  material  thickness 
and  the  type  of  electron  gun  being  used.  For  a 
given  thickness  of  material,  various  combinations 
of  accelerating  voltage,  beam  current,  and  travel 
speed  are  satisfactory.  In  electron-beam  welding, 
the  electrical  parameters  do  not  adequately  des¬ 
cribe  the  heat-input  characteristics  of  the  beam, 
since  these  characteristics  are  affected  signifi¬ 
cantly  by  the  focus  of  tho  beam.  Measurements 


of  beam  diameter  are  difficult  to  make  under  pro¬ 
duction  conditions,  so  that  the  transfer  of  welding 
parameters  between  different  equipment  units  is 
very  difficult.  Fortunately,  suitable  welding  par¬ 
ameters  can  generally  be  developed  on  a  given 
piece  of  equipment  with  only  a  very  few  trials. 

Table  4-1.  3.  2-1  shows  some  of  the  welding  condi¬ 
tions  that  have  been  used  in  the  electron-beam 
welding  of  titanium  and  its  alleys. 

4-1.3.  3  Properties 

Sources  of  property  data  on  electron-beam 
welds  are  shown  in  Table  4-1.  3.  3-1.  In  general, 
the  properties  obtained  in  electron-beam  welds  are 
very  similar  to  those  obtained  in  TIG  welds. 

4-1.4  ARC-SPOT  WELDING 

Arc- spot  welding  is  being  developed  for  join¬ 
ing  titanium  alloys  in  applications  where  resistance 
spot  welding  cannot  be  used  or  as  an  alternative  to 
the  resistance  spot-welding  process.  Arc-spot 
welding  can  employ  either  the  basic  TIG  or  MIG 
welding  process  and  will  probably  be  a  fully  auto¬ 
matic  technique.  Arc- spot  welding  can  be  used  to 
join  thickness  combinations  that  are  not  suitable 
for  resistance  spot  welding  and  in  joints  which  are 
accessible  from  one  side  only.  TIG  arc- spot 
welding  will  probably  find  its  major  use  in  the 
joining  of  overlapped  material  whose  total  thickness 
does  not  exceed  1/4  inch.  MIG  arc- spot  welding 
will  be  used  on  thicker  gages,  up  to  a  maximum  of 
about  2  inches. 

The  major  difference  between  arc- spot  weld¬ 
ing  and  either  conventional  TIG  or  MIG  welding  is 
that  there  is  no  relative  lateral  movement  between 
the  welding  torch  and  the  parts  being  joined.  Start¬ 
ing  and  stopping  cycles  for  the  welding  process  are 
extremely  important  in  arc-spot  welding.  The  total 
welding  time  generally  is  quite  short,  so  that  it  is 
necessary  to  automatically  program  welding  par¬ 
ameters  to  insure  a  smooth  start  and  stop  of  the 
process.  The  shielding  of  arc-spot  welds  is  some¬ 
what  simpler  than  for  conventional  TIG  or  MIG 
welds.  Simple  cylindrical  auxiliary  shields  placed 
around  the  welding  torch  are  sufficient  to  prevent 
contamination  from  the  top  surface  of  the  weld. 
Shielding  of  the  underside  of  the  joint  may  not  be 
required  unless  a  full-penetration  weld  is  being 
made.  If  welds  are  full  penetration,  suitable  root 
shielding  also  must  be  provided. 

4-1.4.  0  Equipment 

The  equipment  required  for  arc- spot  welding 
is  generally  similar  to  conventional  TIG  or  MIG 
welding  equipment.  However,  some  means  of  pro¬ 
gramming  appropriate  welding  parameters  to  ob¬ 
tain  desired  starting  and  stopping  cycles  must  be 
available.  For  welding  thicker  gages  of  material, 
a  means  of  retracting  either  the  welding  electrode 
or  the  weld  contact  tube  must  be  a  part  of  the 
equipment. 
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TABLE  4-1.  3.  2-1.  ELECTRON-  BEaM- WELDING  CONDITIONS 


4-1: 


Acceleration 

Beam 

Travel 

Beam 

Thickness , 

Voltage, 

Current, 

Speed, 

Diameter, 

Base  Alloy 

inch 

kv 

ma 

ipm 

inch 

Reference 

6AI-4V 

0.  05 

85 

4 

60 

0.  006 

14 

6A1-4V 

0.  2 

125 

8 

18 

0.  01 

14 

6A1-4V 

0.  191 

28.  2 

170 

98 

-- 

Trade  Lit. 

6A1-4V 

1.0 

23 

300 

15 

-- 

29 

6A1-4V 

1.  75 

55 

360 

40 

— 

29 

Several 

0.  084/0.  125 

14 

250 

8  to  10 

— 

41 

5A1-2.  5Sn 

0.  09 

90 

4.8 

18 

— 

39 

13V- 1 lCr-3Al 

0.  125 

135 

6.  5 

28 

— 

39 

13V-1 10r-3Al 

0.  125 

20 

95 

30 

— 

Trade  Lit. 

13V-1 lCr-3Al 

0.  03 

30 

26 

89 

— 

14 

8A1-  IMo- 1 V 

0.  05 

110 

2 

45 

0.  005 

14 

8AI-IM0-IV 

0.  2 

120 

8 

20 

0.  006,a) 

44 

8AI-IM0-IV 

0.  4 

26 

400 

34 

-- 

44 

8AI-IM0-IV 

0.  4 

21 

400 

36 

— 

44 

8AI-IM0-IV 

0.  3 

22 

300 

34 

— 

44 

8A1-1M  -IV 

1 

30 

300 

52 

-- 

Hamilton 

Standard 

Commercially 
Pure  Ti 

0.  01 

30 

1 

30 

-- 

Hamilton 

Standard 

Commercially 

0.  05 

95 

1.  8 

30 

— 

Trade  Lit, 

Pure  Ti 

Commercially 

0.  12S 

125 

6 

30 

-- 

Trade  Lit. 

Pure  Ti 

Commercially 

0.  250 

138 

10 

25 

-• 

Trade  Lit. 

Pure  Ti 

Commercially 

0.  340 

150 

15 

60 

— 

Trade  Lit. 

Pure  Ti 

4A1-3MO-1V 

0.  084  to  0.  125 

14 

250 

8  to  10 

45 

(a)  Oscillation  =  0.  2  inch. 


TABLE  4- 1.  3.  3- 1.  ELECTRON-BEAM- WELD- PROPERTY  DATA  SOURCES 


O 


Base  Test  Thickness, 

AUoy(*)  ConditiorW  inch _ Type  of  Tests  and  Test  Temperature,  F _ Reference 


B  and  D  A 
E  D 


E  A  and  C 

E  C 

B,C,E 


B  and  C 
B 

B,D,F 

9,D 

B 

B 

B 

D 

F 

B 

B 

G 


A 

D  and  E 
A 


A 

A 

A 

A 

A 


A,  C,D 

E(c) 


E 


0.05,  0.  20 

0.05,  0.  1, 
0.  15 

0.  125 
0.  125 
0.  125 


0.5 
0.  050 
0.  155 

0.045,  0.090 
0.  080 
1.0 

1.75 


Static  tension,  notched  tension  (K(=3),  and 
fracture  toughness  (RT);  fatigue  (75  and  650) 
Static  tension,  notched  tension  (K{=8),  bend, 
and  fracture  toughness  (RT);  cyclic  loading 
test  (RT) 

Static  tension  (RT) 

Static  tension  (RT) 

Static  tension  (RT),  sheet  impact  (-200  to 
+300) 

Static  tension  (RT) 

Static  tension  and  fracture  toughness  (RT) 
Static  tension  (-110,  RT,  500),  bend  (RT) 
Fatigue  (RT) 

Fracture  toughness,  delayed  fracture 
Transverse  tension  (RT) 

Transverse  tension  (RT) 

Static  tension  (RT) 

Static  tension  (RT) 

Static  tension,  notch  hardness,  stress 
rupture  (850  F) 

Static  tension,  notch  hsrdnes* 

Static  tension  (RT),  impact  strength  (-200  to 
300  F) 


14 

5 


39 

40 

41 

42 
42 

44 
24 

24 

25 

25 

26 
26 
29 

29 

45 


(a)  B  =  6A1-4V,  C  =  5A1-2.  5Sn,  D  =  8A1-1  Mo-lV,  E  =  13V-llCr-3Al,  F  =  6Al-6V-2Sa, 

G  ■*  4A1-3MO-  IV. 

(b)  A  *  annealed,  as  welded;  C  -  annealed,  welded,  aged;  D  *  aged,  welded;  E  =  aged,  welded,  aged, 

(c)  Single  and  two  pass. 
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4-1,4.  1  Materials 


The  materials  used  in  art-spot  welding  do 
not  differ  significantly  from  those  used  in  either 
TIG  or  MIG  welding.  Sections  4-1.  1.  1  and 
4-1.  2i  1  should  be  consulted  for  comments  on 
materials. 

4-1.4.  2  Welding  Conditions 

The  welding  conditions  employed  in  arc- 
spot  welding  aie  generally  similar  to  the  TIG  or 
MIG  welding  conditions  used  in  joining  comparable 
thicknesses  of  materials.  Welding  conditions  for 
the  arc- spot  welding  of  titanium  have  not  been  re¬ 
ported. 
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4-2.  0  INTRODUCTION 

Resistance  welding  is  used  to  categorize 
welding  processes  in  which  joining  is  accomplished 
by  heating  to  the  melting  point  or  very  close  to  it, 
using  heat  generated  by  the  resistance  of  the  parts 
being  joined  to  the  flow  of  electric  current.  The 
most  pertinent  processes  of  this  type  are  spot, 
roll- spot,  and  seam  welding.  In  these  processes, 
current  is  passed  through  a  localized  area  of 
overlapping  sheets  until  sufficient  heat  is  gener¬ 
ated  to  join  the  overlapped  area.  In  conventional 
rt  'stance  welding,  sufficient  heat  is  supplied  to 
melt  a  portion  of  the  two  sheets  to  form  a  weld 
nugget.  This  nugget  is  entirely  contained  within 
the  remaining  solid  portions  of  the  sheet.  The 
size  of  the  weld  nugget  can  be  controlled  by  selec¬ 
tion  of  suitable  welding  parameters.  Terminology 
similar  to  that  used  in  fusion  welding  also  is  used 
in  resistance  welding.  Any  metal  that  is  melted 
is  called  the  weld  metal  or  weld  nugget.  Metal 
around  the  joint  that  has  been  changed  in  some  way 
by  the  heat  involved  is  termed  heat  affected. 

Resistance-welding  techniques  may  also  be 
used  to  make  joints  in  which  no  melting  is  involved. 
Such  joints  may  be  called  diffusion  bonded,  yield- 
point  diffusion  bonded,  or  solid-state  bonded. 

Joints  of  this  type  are  very  similar  in  many  re¬ 
spects  to  conventional  resistance  welds,  with  the 
exception  that  no  molten  metal  is  formed  during 
the  joining  process.  Titanium  has  been  welded 
using  both  variations  of  resistance  welding;  i.  e. , 
either  the  conventional  technique  involving  melting 
or  the  diffusion-bonding  technique.  Even  con¬ 
ventional  spot  welds  in  titanium  contain  an  area 
around  the  molten  nugget  which  is  diffusion  bonded. 
The  bond  in  this  area  ia  generally  strong  enough 
to  make  a  significant  contribution  to  the  load- 
carrying  ability  of  the  spot  weld.  However, 
diffusion-bonded  spot  welds  alone  do  not  meet  the 
requirements  of  military  specifications  for  re¬ 
sistance  welds,  and  there  is  a  need  for  future  re¬ 
search  and  development  in  this  area  with  a  view  to 
producing  specification  coverage. 

All  resistance-welding  processes  share 
some  common  characteristics.  These  are  dis¬ 
cussed  in  the  following  section.  Subsequent  sec¬ 
tions  discuss  each  process  individually. 

4-2.  0.1  Cleaning 

Careful  preweld  cleaning  is  essential  to 
successful  resistance  welding  of  titanium  alloys. 
The  procedures  for  cleaning  discussed  in  Para¬ 
graph  4-0.  2.  5  will  provide  titanium  surfaces  that 
meet  the  requirements  for  resistance  welding. 

Poor  cleaning  can  result  in  contamination  of  the 


welds  being  produced  with  interstitial  elements. 

Poor  or  variable  cleaning  can  have  another  bad 
effect  in  resistance  welding.  Much  of  the  initial 
heat  generated  during  the  early  stages  of  resistance 
welding  is  localized  the  joint  interface.  This 
happens  because  the  -resistance  of  the  interface  to 
the  flow  of  current  is  generally  higher  than  the  re¬ 
sistance  of  the  bulk  material.  Thus,  the  surface 
resistance  of  the  mating  surfaces  is  an  important 
factor  controlling  the  heat  generated  during  the 
weld  cycle,  and  it  is  important  that  this  resistance 
not  fluctuate  widely.  The  surface  resistance  of  any 
metal  is  controlled  largely  by  the  surface  prepara¬ 
tion  or  cleaning  techniques  that  are  used  prior  to’i 
welding. 

4-2.  0.  2  Joint  Design 

Resistance  welding  always  involves  joints  that 
consist  of  overlapping  layers  of  material.  Multiple 
layers  may  be  included  in  a  single  joint.  In  re¬ 
sistance  welding,  such  factors  as  edge  distances 
and  interspot  spacinge  are  an  important  considera¬ 
tion  in  the  selection  of  a  suitable  joint  design.  An¬ 
other  important  factor  is  the  initial  sheet  fit-up, 
which  must  not  be  so  great  that  unusually  high  forces 
are  required  to  bring  the  surfaces  into  contact. 

Many  of  the  joint  designs  used  for  resistance 
welding  are  not  intended  to  transmit  transverse 
tensile  loads.  Joints  of  this  type  are  sometimes 
referred  to  as  scab  or  attachment  joints. 

All  joints  designed  for  resistance  welding 
must  normally  be  accessible  from  both  sides 
the  parte  being  joined.  Sufficient  clearance  must 
be  maintained  to  allow  for  the  extension  of  the 
electrodes  and  electrode  holders  in  to  properly 
contact  the  sheets. 

4-2.  0.3  Material 

The  titanium-base  metals  used  in  resistance 
welding  must  be  of  proven  quality  and  should  meet 
all  standards  for  composition,  grade,  and  heat 
treatment.  Base-metal  surface-layer  contamina¬ 
tion  muet  be  avoided  prior  to  resistance  welding, 
or  suitable  processing  steps  must  be  added  to  re¬ 
move  any  contaminated  layers.  Surfaces  to  be 
welded  should  be  flat  and  smooth.  Surface  finishes 
obtained  on  machined  parts  or  good-quality  rolled 
sheet  or  plate  are  adequate. 

4-2.  0.  4‘  Tooling 

The  tocling  used  in  resistance  welding  of 
titanium  is  generally  similar  to  the  tooling  used  in 
welding  other  materials.  Resistance-welding 
tooling  consists  of  suitable  fixtures  or  jigs  to  hold 
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the  parts  in  proper  position  for  welding.  Some¬ 
times,  tooling  is  also  designed  to  index  the  part 
through  the  welding  equipment  to  insure  that  welds 
are  made  at  the  proper  positions.  The  same  gen¬ 
eral  rules  followed  in  designing  any  resistance¬ 
welding  tooling  should  be  followed  for  tooling  de¬ 
signed  for  use  with  titanium.  Generally,  this 
means  that  nonmetallic  components  should  be  used 
exclusively. 

4-2.  0.  5  Process  Parameters 

The  most  important  variable  process  param¬ 
eters  in  resistance  welding  are  applied  force, 
welding  current,  and  welding  time.  In  seam  weld¬ 
ing,  the  welding  speed  is  also  very  important. 
Changes  in  these  parameters  will  cause  changes 
in  the  basic  characteristics  of  the  resistance- 
welded  joint.  Most  of  these  characteristics  are 
illustrated  in  Figure  4-2.  0.  5-1. 

Work  is  being  conducted  by  a  number  of  or¬ 
ganizations  in  an  attempt  to  d-fine  the  best  com¬ 
bination  of  process  parameters  and  resulting  weld 
characteristics  in  titanium.  The  approaches^ » ^) 
are  quite  varied,  and  as  yet  there  are  not  sufficient 
data  to  substantiate  any  optimum  process  param¬ 
eters. 

4-2.  C.  6  Shrinkage  Distortion 

Thermal  cycles  employed  in  resistance 
welding  result  in  highly  localized  shrinkage.  This 
shrinkage  may  cause  some  distortion  of  the  part 
being  joined,  but  generally  distortion  is  not  as 
noticeable  in  resistance-welded  components  as 
it  would  be  in  fusion-welded  parts. 

The  effects  of  weld  shrinkage  and  subse¬ 
quent  distortion  are  generally  minimized  in  re¬ 
sistance  welding  by  starting  the  welding  near  the 
center  of  any  component  and  following  a  welding 
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sequence  that  involves  moving  progressively  to¬ 
ward  the  edges  of  the  component.  Sequences  of 
this  type  are  not  readily  used  during  seam  welding 
or  roll-spot  welding,  and  consequently,  distortion 
may  be  more  of  a  problem  when  these  processes 
are  used.  Selection  of  improper  welding  sequences 
can  also  introduce  various  problems  with  sheet  fit- 
up  pr\or  to  welding.  Fcr  example,  if  three  welds 
are  being  made  in  a  row  and  the  two  outside  welds 
are  made  first,  then  there  is  a  good  chance  that 
the  center  weld  will  be  made  under  conditions  where 
poor  sheet  fit-up  is  likely.  In  a  case  such  as  this, 
the  center  weld  should  be  made  first. 

4-2.  0,  7  Residual  Stress 

The  shrinkage  associated  with  resistance 
welding  always  leaves  residual  stresses  in  the 
joint.  Very  limited  published  information  is  avail¬ 
able  on  residual-stress  distribution  in  resistance- 
welded  joints  of  titanium  alloys.  (1) 

The  residual-stress  distribution  in  resistance- 
welded  joints  is  very  dependent  on  the  joint  pattern 
or  weld  pattern  used.  The  simplest  case  to  con¬ 
sider  is  the  residual  stress  due  to  a  single  spot 
weld.  Figure  4-2.  0.  7-1  is  a  schematic  repre¬ 
sentation  of  the  distribution  of  residual  stresses  in 
the  area  near  a  single  spot  weld.  The  components 
of  stress  that  are  of  most  concern  are  those  in  the 
radial  direction  and  those  in  the  circumferential 
direction.  The  relation  between  the  distance  from 
the  wexd  center  and  the  radial- residual  stress  is 
shown  by  Curve  1  in  the  figure.  Tensile  stresses 
as  high  as  the  yield  strength  of  the  material  may 
exist  in  the  weld  zone.  Outside  the  actual  weld 
zone  the  tensile  residual  stress  decreases  as  the 
distance  from  the  weld  area  is  increased.  Curve  2 
shows  the  distribution  of  the  circumferential  stress. 
Again,  very  high  tensile  stresses  exist  within  the 
weld  zone;  however,  outside  the  weld  these  stresses 
are  compressive  and  again  fall  off  as  the  distance 
from  the  weld  is  increased.  From  Curve  2  it  is 
apparent  that  there  is  an  extremely  sharp  stress 
gradient  around  the  circumference  of  any  spot  weld 
where  the  stresses  undergo  a  complete  reversal  from 
very  high  tensile  values  to  high  compressive  values. 

The  actual  stress  distributions  in  a  spot  weld 
in  an  area  very  close  to  the  weld  are  not  nearly  as 
simple  as  shown  in  Figure  4-2.  0.  7-1.  Very  con¬ 
centrated  stresses  often  exist  in  the  heat-affected 
zone  close  to  the  original  interface  of  the  sheets. 

When  several  spot  welds  arc  considered  in¬ 
stead  of  just  a  single  spot,  the  resulting  residual- 
stress  patterns  are  even  more  complex.  An  approx¬ 
imate  distribution  of  the  residual- stress  pattern 
produced  by  a  series  of  spot  welds  can  be  obtained 
by  the  superposition  of  the  residual-strea*  distribu¬ 
tions  produced  by  each  weld,  as  shown  in  the  figure. 
The  interaction  between  the  residual  stresses  ac¬ 
companying  each  individual  weld  becomes  significant 
when  the  distance  between  the  welds  is  short  — 
probably  at  any  distance  less  than  four  times  the 
diameter  of  the  weld. 
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4-2.  0.  9  Inspection 


a.  Stress  Components 
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FIGURE  4-2.  0.  7-1.  SCHEMATIC  REPRESENTA¬ 
TION  OF  RESIDUAL-STRESS  DISTRIBU¬ 
TION  NEAR  A  SPOT  WELD 

The  residual  stresses  left  in  resistance  welds 
can  be  altered  by  changes  in  the  welding  schedule. 
Changes  in  heat  input,  heat  pattern,  or  possible 
forging  action  that  may  be  applied  through  the 
electrodes  are  effective.  Some  information  on  the 
effect  of  such  changes  in  welding  parameters  on 
residual  stresses  has  been  obtained,  bet  there  are 
many  conflicting  aspects  to  this  data. 

4-2,  0,  8  Stress  Relief 

Residual  stresses  in  resistance  welds  can  be 
altered  and  to  some  extent  eliminated  by  either 
mechanical  or  thermal  stress-relieving  treatments. 
The  application  of  mechanical  stress- relieving 
methods  to  spec  welds  is  difficult  because  of  the 
complexity  of  the  residual  stress  patterns  and  the 
limitations  generally  imposed  by  joint  configura¬ 
tions.  At  best,  mechanical  techniques  can  prob¬ 
ably  only  result  in  a  redistribution  of  the  residual- 
stress  pattern  and  not  the  complete  elimination  of 
residual  stress.  On  the  other  hand,  thermal-stress 
relieving  can  be  used  effectively  to  eliminate  all 
residual  stresses  resulting  from  resistance  weld¬ 
ing.  It  is  difficult  to  see  how  such  treatments  can 
be  employed  effectively,  though,  unless  the  treat¬ 
ments  are  conducted  in  vacuum  furnaces.  The 
major  problem  with  methods  of  thermal- stress 
relief  is  that  it  would  be  almost  impossible  to  pre¬ 
vent  some  contamination  of  the  surfaces  of  titanium 
components  in  the  overlap  area  characteristic  of 
reristance-welded  structures.  *  Cleaning  after  such 
a  thermal  stress-relief  treatment  would  impose 
equally  severe  problems. 

As  mentioned  in  the  preceding  section,  per¬ 
haps  the  most  fruitful  method  of  contfbllang  re¬ 
sidual  stresses  in  resist»nce-welded'joir(te  will  be 
by  the  selection  of  suitable  process  parameters. 


Resistance-welded  components  are  inspected 
to  ensure  that  the  components  retain  the  desired 
dimensional  tolerances  and  that  the  wolds  are  of 
satisfactory  quality.  In  addition  »o  the  usual  checks 
on  dimensional  tolerances,  tho  amount  of  surface 
indentation  resulting  from  resistance  welding  is 
often  measured.  Inspection  of  resistance  welds  to 
ensure  adequate  quality  is  difficult.  Dye-penetrant 
and  X-ray  techniques  appear  to  be  the  only  suitable 
nondestructive  inspection  methods.  However,  the 
latter  is  subject  to  limitations  in  its  usefulness. 
Because  of  the  difficulties  associated  with  inspect¬ 
ing  resistance  welds,  the  economic  necessity  of  not 
allowing  a  large  number  of  defective  welds  to  get 
through  processing,  and  the  difficulty  of  repairing 
defective  resistance  welds,  considerable  emphasis 
is  being  placed  on  supplementing  or  supplanting 
postweld  inspection  procedures  with  in-process 
controls.  Such  controls  are  discussed  in  Section 
4-2.  0.  11. 

4-2.  0.  10  Specifications 

The  materials  and  processes  that  will  be  used 
in  titanium- resistance  welding  are  covered  by  spec¬ 
ifications.  The  basic  specifications,  as  in  the  case 
of  fusion  welding,  are  generally  MIL  standards  or 
other  applicable  Federal  Government  specifica¬ 
tions.  '3'  Individual  aerospace  company  specifica¬ 
tions  also  are  widely  used  to  cover  resistance¬ 
welding  processes.  (4) 

Almost  all  resistance-welding  specifications 
require  certification  of  the  welding  machine  that 
will  be  used  and  establishment  of  a  suitable  weld¬ 
ing  schedule  prior  to  the  actual  start  of  welding 
operations.  Most  specifications  then  require  that 
various  types  of  test  coupons  be  welded  prior  to, 
during,  and  after  any  production  welding  run.  Such 
procedures,  while  not  foolproof,  are  the  best  avail¬ 
able  for.  use  with  existing  types  of  equipment  and 
process  control. 

Applicable  military  specifications (3)  allow 
the  welding  of  any  titanium  axiuy  that  has  satis¬ 
factorily  passed'tests  designed  to  establish  that 
resistance  welding  does  not  harden  the  weld  sone 
or  reduce  weld  ductility.  The  requirement?  state 
that. the' direct  tension  strength  of  a  spot  v/eld  must 
not  be  less  than  25  percent  of  the  minimum  shear 
strength  required  when  tested  in  an  as-welded 
condition.  It  is  also  required  that  any  spot  welds 
subjected  to  subsequent  thermal  exposure  shall 
exhibit  a  similar  minimum  tension  strength  after 
such  thermal  exposure. 

4- 2.  0.  11  Process  Monitoring 

Recent  developments  that  have  been  made  in 
the  field  of  monitoring  resistance-welding  opera¬ 
tions  are  expected  to  be  a  major  factor  in  insuring 
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good  weld  quality  in  titanium  weldments.  The  need 
for  such  monitoring  equipment  has  long  been  rec¬ 
ognized,  and  the  lack  of  such  equipment  in  the  past 
has  probably  prevented  more  widespread  use  of 
resistance  welding  on  aircraft  pririary  structural 
components.  Development  of  a  workable  process- 
monitoring  system  has  proven  to  be  an  extremely 
difficult,  although  not  unexpectedly  so,  task.  Sev¬ 
eral  of  the  early  monitor  systems  that  appeared  to 
be  quite  promising  have  failed  to  live  up  to  expecta¬ 
tions.  However,  the  outlook  in  the  immediate 
future  is  promising.  Most  of  the  current  develop¬ 
ment  effort  is  going  into  monitoring  systems  that 
s  -se  the  thermal-expansion  changes  that  occur 
u_  ing  the  creation  of  a  resistance  weld.  It  is 
interesting  to  note  that  development  of  monitoring 
equipment  based  on  this  principle  is  being  conducted 
in  the  United  States,  England,  and  the  Soviet  Union. 
One  investigator^)  has  suggested  that  the  thermal- 
expansion  approach  might  he  used  in  three  possible 
ways:  first,  as  a  weld-quality  monitor  to  give  a 
visual  or  audible  indication  of  weld  quality;  second, 
as  a  open-loop-control  system  that  would  correct  a 
weld  according  to  the  assessment  of  the  quality  of 
the  preceding  weld;  and  finally,  as  a  closed- loop 
control  utilizing  the  initial  expansion  character¬ 
istics  at  the  early  stages  in  the  formation  of  a  weld 
to  feed  back  a  correction  if  such  a  correction  were 
deemed  necessary  from  the  early  signal  indica¬ 
tions. 

While  refined  process-monitoring  equipment 
is  only  on  the  verge  of  production  us efulness,  (1) 
other  types  of  process- monitoring  equipment  have 
been  used  in  the  resistance-welding  field  for  some 
time.  The  necessary  equipment  and  techniques 
for  irstrumenting  resistance-welding  equipment  to 
follow  the  electrical  and  force  outputs  of  the  equip¬ 
ment  are  well  established.  These  more  established 
techniques  may  provide  a  suitable  interim  method 
of  process  monitoring  if  the  development  of  more 
refined  equipment  is  delayed. 

4-2  0.  12  Defects 

Characteristics  described  as  defects  in  re¬ 
sistance  welds  are  difficult  to  assess.  Defects  in 
resistance  welds  are  generally  subdivided  into 
external  and  internal  defects.  With  the  exception 
of  cracks  that  are  exposed  to  the  exterior  of  the 
sheets  and  which  are  obviously  undesirable,  the 
remaining  external  defects  are  probably  considered 
as  such  because  they  indicate  that  the  welding  con¬ 
ditions  may  not  have  been  exactly  right.  External 
defects  in  this  category  are  sheet  separation,  pits, 
metal  expulsion,  tip  pickup,  and  excessive  inden¬ 
tation.  With  respect  to  the  internal  defects  of 
porosity,  cracks,  and  incorrect  penetration,  there 
appears  to  be  few  guiding  test  data  for  their  eval¬ 
uation.  However  the  tolerable  level  of  these  de¬ 
fects  is  outlined  in  the  military  specification 
MIL-W-6858B,  which  has  been  reasonably  proven 
in  service. 


4-2.0.13  Repairs 

Very  little  information  is  available  concerning 
techniques  for  the  repair  of  defective  spot  welds.  A 
number  of  the  defects  classified  as  external  defects 
can  be  repaired  by  very  light  machining  of  the  ex¬ 
ternal  weld  surfaces.  The  repair  of  cracked  resis¬ 
tance  welds  must  be  accomplished  by  either  a  fusion¬ 
welding  process  or  through  use  of  a  mechanical 
fastener. 

4-2.  1  SPOT  WELDING 

Resistance  spot  welding  has  been  used  more 
than  any  other  resistance-welding  process  for  join¬ 
ing  titanium  and  its  alloys.  Spot  welding  has  been 
used  to  join  titanium  in  thicknesses  ranging  from  a 
little  under  0.  01  inch  up  to  thicknesses  totalling 
2-1/2  inches.  The  thickness  that  can  be  welded  in 
any  given  application  is  limited  by  the  power  and 
force  capacity  of  the  available  equipment. 

In  resistance  spot  welding,  all  of  the  heat  re¬ 
quired  to  accomplish  joining  is  supplied  by  the  pas¬ 
sage  of  an  electric  current  between  two  opposed 
electrode  tips  that  contact  the  surfaces  of  the  parts 
to  be  joined.  The  electrode  tips  are  held  against  the 
workpieces  with  considerable  force  so  that  good 
electrical  contact  is  maintained  throughout  the  as¬ 
sembly.  The  configuration  involved  in  spot  welding 
and  the  relatively  short  time  periods  used  with  the 
process  tend  to  preclude  any  contamination  from  the 
atmosphere.  As  a  result,  there  appears  to  be  no 
need  to  consider  any  auxiliary  shielding  of  titanium 
during  resistance  spot  welding. 

In  most  respects,  titanium  is  an  extremely 
easy  material  to  resistance  spot  weld.  For 
example,  it  is  much  easier  to  obtain  a  consistent 
surface  resistance  with  titanium  than  it  is  for  many 
aluminum  alloys.  The  only  apparent  difficulty  with 
the  actual  making  of  titanium  resistance  spot  welds 
is  a  problem  with  metal  extrusion  between  the 
faying  surfaces  of  the  overlapping  sheets.  Extrusion 
was  illustrated  previously  in  Figure  4-2.  0.  5-1. 

With  thinner  gages  of  material,  extrusion  docs 
appear  to  be  a  significant  problem.  However,  as  the 
gage  thickness  is  increased,  there  appears  to  be  a 
much  greater  tendency  for  extrusion  to  occur.  TMs 
observation  may  well  be  related  to  the  available 
force  capacities  on  equipment  that  has  been  used  to 
resistance  weld  titanium  to  date.  Several  special 
welding  techniques  have  been  developed  to  minimize 
the  tendency  for  titanium  towards  extrusion.  (*>&) 

It  is  expected  that  this  tendency  can  be  controlled  in 
the  future  by  the  adoption  of  one  or  more  of  these 
techniques. 

4-2.  1.  0  Equipment 

Titanium  has  been  successfully  welded  on  al¬ 
most  all  types  of  available  conventional  resistance- 
spot-welding  equipment.  No  significant  changes  in 
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welding  characteristics  or  static  weld  properties 
have  been  reported  that  can  be  attributed  to  the  use 
of  any  specific  type  of  welding  equipment.  How¬ 
ever,  it  is  possiole  that  future  developments  may 
show  such  a  preference  when  weld  properties  are 
evaluated  more  thoroughly  on  the  basis  of  pro¬ 
perties  such  as  fatigue  or  the  reduction  in  residual 
welding  stresses. 

4-2.  1.  1  Welding  Conditions 

Resistance-spot-welding  conditions  are 
primarily  controlled  by  the  total  thickness  of  the 
assembly  being  welded.  Similar  welding  con¬ 
ditions  may  be  perfectly  suitable  for  making  welds 
in  the  same  total  thickness  where  the  number  of 
layers  differs  significantly.  However,  for  any 
given  thickness  or  total  pileup,  various  combin¬ 
ations  of  welding  current,  time,  and  applied  force 
may  produce- similar  welds.  Other  variables  such 
as  electrode  size  and  shape  are  important  in 
controlling  such  characteristics  as  metal  extrusion, 
sheet  indentation,  and  sheet  separation.  The  use 
of  slope  controls  such  as  preheat,  postheat,  and 
additional  weld  forging  cycles  were  not  found 
necessary  in  the  early  welding  of  titanium  alloys. 
However,  the  inclusion  of  some  of  these  special 
sequences  may  be  a  useful  means  of  improving 
fatigue  strength  and  minimizing  the  residual 
stresses  in  spot-welded  joints. 

Table  4-2.  1.  1-1  illustrates  some  typical  spot¬ 
welding  conditions  that  have  been  used  on  various 
types  of  titanium  alloys. 

4-2.  1.2  Properties 

Many  joint  tests  of  resistance  spot  welds  have 
been  conducted  on  titanium  alloys.  Sources  of 
these  data  are  listed  in  Table  4-2.  1.  2-1. 

The  properties  measured  by  tension-shear 
tests  are  excellent.  Cross-tension  values  also 
are  good.  Cross-tension/tension-shear  ratios  are 
low  (0.  2  to  0.  3)  but  this  is  to  be  expected  in  ti¬ 
tanium  alloys.  The  fatigue  properties  of  spot  welds 
are  low,  but  this  behavior  is  characteristic  more 
of  the  joint  type  than  of  titanium  alloys.  Spot -weld 
thermal- stability  studies  indicate  some  loss  in 
room-temperature  properties  from  exposure  at 
650,  1000,  and  1200  F.  Similar  exposure  at  800  F 
did  not  lower  the  room-temperature  properties.  A 
reason  for  this  apparent  inconsistency  is  not  appar¬ 
ent.  Fracture-toughness  tests  of  spot  weldmer.ts 
exhibit  properties  inferior  to  comparable  TIG 
fusion  weldments. 

Spot  welding  has  been  used  is  a  number  of 
structural  test  components.  Such  tests  provide 
the  best  evidence  of  expected  weldment  perfor¬ 
mance.  Data  from  such  tests  has  not  been  avail¬ 
able  for  review. 


4-2.2  ROLL-SPOT  WELDING 

Roll-spot  welding  is  very  similar  in  most  re¬ 
spects  to  standard  spot  welding.  The  major  differ¬ 
ence  between  the  two  processes  is  that  in  roll-spot 
welding,  wheel-shaped  electrodes  are  used  instead 
of  the  cylindrical  type  of  electrode  used  in  conven¬ 
tional  spot  welding.  The  use  of  wheel  electrodes 
in  roll-spot  welding  provides  a  convenient  means 
of  indexing  the  parts  between  each  individual  spot 
weld  Rotation  of  the  wheels  is  intermittent,  with 
the  wheel  electrodes  being  in  a  fixed  position  during 
the  actual  welding  cycle.  Electrode  wear  is  more 
uniformly  distributed  with  a  wheel-type  electrode 
than  it  is  with  a  conventional  cylindrical  electrode: 
thus  it  is  possible  to  make  many  more  welds  without 
dressing  of  the  electrodes  when  using  roll-spot 
welding.  Conversely,  there  is  somewhat  less  flexi¬ 
bility  with  roll-spot  welding  techniques  than  is  avail¬ 
able  in  conventional  spot  welding. 

Equipment  for  roll-spot  welding  differs  from 
conventional  spot-welding  equipment  primarily  in 
that  provision  must  be  made  to  accommodate  the 
wheel-shaped  electrodes.  Also,  a  suitable  drive 
and  indexing  mechanism  must  be  provided. 

No  welding  conditions  for  roll- spot  welding  of 
titanium  have  been  found  in  the  literature.  It  would 
be  expected  that  these  conditions  would  be  very 
similar  to  conventional  epot-welding  conditions. 

4-2.3  SEAM  ELDING 

Seam  welding  also  is  similar  to  spot  and 
roll- spot  welding.  Seam  welds  are  defined  as  being 
a  scries  of  overlapping  spot  welds,  and  as  a  result 
can  be  made  v/ith  conventional  spot-welding  techni¬ 
ques.  However,  it  is  considered  much  better  prac¬ 
tice  to  use  equipment  similar  to  that  described  under 
roll  -pot  welding,  in  which  wheel  electrodes  replace 
the  conventional  cylindrical  electrodes.  In  seam 
welding,  the  wheels  usually  are  kept  continually  in 
motion.  Individual  spots  axe  created  by  timing  of 
the  various  electrical  functions  of  the  welding  ma¬ 
chine. 

The  'principal  advantage  of  seam  welding  is 
that  it  can  be  used  to  produce  leak-tight  joints.  The 
principal  disadvantage  is  that  there  is  much  more 
distortion  with  seam  welding  than  with  other  types 
of  resistance  welding. 

Very  limited  data  on  the  properties  of  seam- 
welded  joints  are  available.  (8,18,26)  These  data 
include  room-temperature  static  tensile,  and 
fracture  toughness  at  temperatures  of  -110,  75,  400, 
and  650  F  for  8AI-1M0-IV  and  6A1-4V  alloys.  Static 
tensile  properties  were  comparable  in  efficiency 
to  the  parent  metal;  however,  the  fracture  tough¬ 
ness  was  somewhat  lower. 
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TABLE  4-2.  1.  1-1.  RESISTANCE-SPOT-WELDING  CONDITIONS 


Baae  Material _ Electrode 

Thick-  Diame-  Radi- 
ness,  ter,  us. 
Type  inch  inch  inch 


(a)  Seam  weld. 


_  Nugget 

Weld  Current  Diame- 

Force,  Machine _ Weld  Heat  Phase  ter, 

lb  Type  Kva  Cycles  Impulses  Ampere  Shift  inch 


Refer¬ 

ence 


6A1-4V 

0.02 

0.5 

If/ 

1200 

— 

-- 

5 

— 

— 

— 

0.  150 

11 

0.02 

0.  375 

3 

795 

IQ 

75 

7 

2 

-- 

60% 

0.  2 

8 

0.  032 

0.375 

3 

720 

3Q 

75 

2 

2 

— 

55% 

0.  150 

8 

0.  035 

0.625 

3 

600 

IQ 

30 

7 

~ 

5,500 

— 

0.  225 

10 

0.  04 

0.  375 

3 

695 

IQ 

75 

4 

2 

— 

10% 

0.  17 

8 

0.  05 

0.625 

6 

1100 

3Q 

150 

4 

2 

-- 

63% 

0.  220 

7 

0.  062 

0.625 

3 

1500 

IQ 

600 

10 

— 

10,600 

— 

0.359 

10 

0.  063 

0.50 

10 

1500 

— 

— 

12 

— 

— 

-- 

0.  350 

11 

0.  07 

0.625 

3 

1700 

IQ 

600 

12 

— 

11,500 

— 

0.391 

10 

0.09 

0.  625 

10 

1100 

3Q 

150 

4 

4 

— 

35% 

0.  305 

7 

0.  093 

0.  625 

3 

2400 

IQ 

600 

16 

— 

12,500 

— 

0.431 

10 

0.  125 

0.5 

10 

2300 

— 

— 

14 

— 

-- 

-- 

0.425 

11 

8A1-1MO-1V 

0.  02 

0.375 

3 

720 

3Q 

75 

3 

1 

_ 

59% 

0.  132 

8 

0.022 

0.625 

4 

900 

3Q 

150 

3 

— 

-- 

35% 

— 

7 

0.  039 

0.625 

4 

1000 

3Q 

150 

6 

— 

— 

40% 

— 

7 

0.  040 

0. 175 

3 

760 

IQ 

200 

2 

3 

— 

35% 

0.  100 

8 

0.  040 

0.  375 

3 

1070 

3Ci 

75 

1 

4 

— 

40% 

0.  113 

8 

0.  05 

0.625 

3 

1100 

3Q 

150 

4 

4 

— 

50% 

0.  235 

7 

0.  05 

0.  375 

10 

600 

3Q 

75 

2 

4 

— 

90% 

0.210 

8 

0.  062 

0.625 

4 

12G0 

3Q 

150 

7 

— 

— 

45% 

-- 

9 

0.071 

0.  375 

3 

1810 

3Q 

75 

2 

4 

— 

60% 

0.  250 

8 

0.  09 

0.625 

10 

1100 

3Q 

150 

3 

5 

— 

35% 

0.300 

7 

A-55 

0.  04 

0.625 

3 

700 

3Q 

200 

4 

__ 

8,300 

60% 

0.  20 

12 

6Al-6V-2Sn 

0.  040 

0.625 

10 

1000 

-- 

100 

3 

5 

— 

63% 

0.  235 

13 

4A1-3MO-1V 

0.  020 

12.0(a) 

6 

450 

— 

125 

5 

1 

-- 

49% 

0.  095 

14 

0.  020 

0.5 

3 

400 

-- 

150 

5 

1 

— 

32% 

0.  130 

14 

0.  040 

12.0(a) 

6 

1550 

— 

125 

5 

1 

— 

90% 

0.  190 

14 

0.  040 

0.5 

3 

800 

— 

150 

5 

2 

— 

45% 

0.  190 

14 

0.  063 

12.  0(a) 

6 

2000 

-- 

125 

7 

1 

— 

97% 

0.245 

14 

0.063 

0.5 

10 

1200 

— 

150 

7 

3 

— 

55% 

0.  300 

14 

0.  063 

0.5 

10 

1200 

— 

150 

6 

2 

-- 

52% 

0.  220 

14 

0.125 

12.0(a) 

7 

4700 

— 

125 

5 

3 

75% 

0.  305 

14 

0.  125 

0.625 

10 

4700 

— 

150 

8 

3 

— 

73% 

0.  350 

14 

o 


TABLE  4-2.  1.  2-1.  SPOT-WELD- PROPERTY  DATA  SOURCES 


Base 

Alloy^ 

Thickness^), 

inch 

Type  of  Tests  and  Test  Temperatures,  F 

Reference 

B 

0.  04  to  0.  180 

Tensile  shear  (RT),  penetration,  and  nugget  diameter 

7 

D 

0.  04  to  0.  175 

Tensile  shear  (RT),  penetration,  and  nugget  diameter 

Tensile  shtar(c),  cross  tension^*-),  and  fracture  toughness 
(-110,  75,  400,  650);  thermal  stability,  and  multispot 
shear  (RT) 

7 

B  and  D 

0.  1 

8 

B  and  D 

0.  180 

Tensile  shear^0),  and  cross  tension^0)  (-110,  75,  400,  650), 
multispot  shear  (RT) 

8 

D 

0.  044,  0.  078, 

0.  124 

Tensile  shear,  cross  tension,  and  multispot  fatigue  (RT); 
tensile  shear  (200,  400,  600,  800,  1000,  and  1200)  thermal 
stability  (RT) 

9 

B 

0.  070  to  0.  186 

Tensile  shear  (RT,  600,  800,  and  1000);  cross  tension, 
thermal  stability,  and  thermal-stress  stability 

10 

B 

0.  05,  0.  1 

Tensile  shear,  cross  tension,  and  fatigue  (RT) 

15 

A  to  B  \ 

A  to  C  > 

0.  05 

Tensile  shear,  cross  tension,  and  fatigue  (RT) 

16 

B  to  C  1 

D 

0.04,  0.08 

Tensile  shear,  cross  tension,  and  thermal  stability  (RT, 

600,  800,  1000) 

17 

E 

0.  128 

Fatigue  (RT  and  ET) 

It 

E 

— 

Air  Frame  structures  -  static  and  repeated  load  (RT) 

19 

A 

0.  08 

Tensile  shear,  cross  tension,  and  fatigue  (RT) 

12 

Previous 

I960  data  summarized 

11 

C 

0.  05,  0.  064 

0.  08 

Tensile  shear  (RT,  200,  400,  600,  800,  1000)  fatigue  (RT) 

20 

D 

0.04  to  1.5 

Various  (RT  to  650)  including  all  simple  tests  plus  thermal 
stability,  thermal-stress  stability,  and  structures  evalu¬ 
ation 

1 

B,C,D 

0.  100 

Tensile  shear  (RT  to  650F) 

21 

D 

-- 

Fatigue  (R'i) 

21 

B 

0.  120 

Tensile  shear,  impact  tension  (RT) 

22 

B 

0.  125 

Tensile  shear,  impact  tension  (RT) 

22 

B 

0. 090 

Fatigue  (RT) 

22 

B 

0.  080 

Tensile  shear,  impact  tension  (RT)  -  use  of  interfoils 

22 

B 

0.  250 

Tensile  shear,  impact  tension  (RT)  -  use  of  interfoile 

22 

D 

0.  068 

Fatigue  (RT)  -  effect  of  surface  treatment 

22 

B 

0. 090 

Fatigue  (RT)  -  effect  of  copper  plated  interface 

22 

F 

0.  080 

Tensile  shear  (RT  and  ET) 

13 

D 

0.  090  to  0.  180 

Tensile  shear  (RT  and  ET) 

i3 

G 

0.  080 

Tensile  shear  and  cross  tension  (RT  and  ET) 

23 

G 

0.  02  to  0.  125 

Tensile  shear  and  cross  tension  (RT) 

14 

G 

0.  02  and  0.  063 

Tensile  shear  and  cross  section  (-100,  75,  500,  800)  and 
thermal  stability 

14 

G 

0.  12 

Tensile  shear  and  cross  tension  (RT,  400,  800)  and  thermal 
stability  (600  to  800) 

24 

H 

0.  080 

Tensile  shear  and  cross  tension,  thermal  stability 

25 

(a)  A  -  cp  Ti 
B  -  6A1-4V 

C  -  5A1-2.  5Sn 
D  -  8AI-IM0-IV 
E -  13V-1 lCr-3Al 
F  -  6Al-6V-2Sn 
G  -  4A1-3MO-1V 
H-  6Al-2Sn-4Zr-2Mo. 

(b)  Total  thickness  of  test  plane. 

(c)  About  one-half  of  these  tests  were  made  after  exposure  to  1000  F  for  10  hours;  all  others, 
as  welded. 
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4-3.0  INTRODUCTION 

Brazing  has  been  used  for  joining  titanium 
experimentally  for  over  20  years,  and  in  produc¬ 
tion  applications  for  over  10  years.  The  widest 
u  ,e  of  tho  process  with  titanium  has  been  in 
fabricating  honeycomb  sandwich  structures. 

A  primary  problem  in  brazing  titanium  sand¬ 
wich  structures  is  the  high  rate  at  which  titanium 
reacts  with  molten  brazing  alloys.  As  a  resul* 
of  these  reactions,  brittle  intcrmetallic  com¬ 
pounds  are  formed  in  the  joints,  and  the  foil  in 
the  core  is  severely  eroded  and  embrittled.  (2) 

Another  problem  is  that  normal  brazing 
cycles  are  sometimes  incompatible  with  the  heat 
treatment  used  for  some  titanium  f.iloys,  such  as 
Ti-6A1-4V.  Occasionally,  parts  made  from  this 
alloy  have  to  be  solution  treated  from  high  tem¬ 
peratures  and  then  aged  to  develop  optimum  me¬ 
chanical  properties.  However,  quenching  opera¬ 
tions  are  not  practical  for  sandwich  structures. 
Thus,  it  appears  that  the  brazing  operaLon  for 
alloys  that  are  to  be  used  in  the  solution-treated 
and  aged  condition  should  be  performed  at  aging 
temperatures.  Brazing  alloys  are  not  now  avail¬ 
able  that  flow  in  the  usual  aging-temperature 
range  {980  to  1180  F),  and  additional  work  to  de¬ 
velop  them  will  be  required  before  structures  can 
be  brazed  in  this  temperature  range.  &) 

4-  3.  0.  1  Cleaning 

The  discussions  of  titanium  cleaning  given 
in  Sections  4-0,  4-1,  4-2,  4-4,  and  4-5  are  gen¬ 
erally  applicable  to  cleaning  for  brazing.  Listed 
below  are  the  steps  taken  in  preparing  honeycomb 
sandwich-structure  parts  for  brazing  by  one 
fabricate r,  (3) 

(1)  Vapor  degrease  thoroughly 

(2)  Soak  10  to  15  minutes  in  caustic 
cleaner  (180  to  190  F) 

(3)  Rinse  in  tap  water  (120  to  140  F) 

(4)  Acid  clean  15  to  30  seconds  (3  percent 
HF-15  percent  HNOj) 

(5)  Rinse  in  tap  water  (room  temperature) 

(6)  Soak  2  minutes  in  caustic  cleaner 
(180  to  190  F) 

(7)  Rinse  in  tap  water  (120  to  140  F) 

(8)  Rinse  in  distilled  or  demineralized 
water  (room  temperature) 


(9)  Dry  in  hot  air. 

4-3.  0.2  Joint  Design 

Brazing  is  used  with  titanium  largely  for  the 
fabrication  of  sandwich  structures  and  for  the 
joining  of  dissimilar  metals.  The  joint  designs  used 
used  are  generally  those  used  for  similar  applica¬ 
tions  with  other  materials. 

4-3.  0.3  Inspection 

Visual,  X-ray,  and  ultrasonic  techniques  are 
used  for  nondestructive  inspection  of  brazed, 
titanium  joints.  At  one  time,  100  percent  radio- 
graphic  inspection  was  the  only  accepted  determin¬ 
ation  of  braze  continuity  in  sandwich  structures. 
Although  radiography  remains  the  primary  in¬ 
spection  technique,  ultrasonic  methods  are  now 
becoming  more  widely  us'*'1  and  accepted.  Ultra¬ 
sonic  testing  is  performed  with  the  workpiece 
submerged  in  water.  The  workpiece  is  scanned 
by  an  ultrasonic  beam  whose  returning  echos  are 
coupled  to  an  electronic  recorder.  The  method  will 
detect  voids  as  well  as  light  and  heavy  fillets.  *  ' 

Radiographic  examination  has  now  been  ex¬ 
tended  to  include  X-ray  fluoroscopy.  This  tech¬ 
nique  does  not  provide  as  much  definition  as  an 
X-ray,  but  is  sufficient  to  detect  gross  defects. 

An  image  intensifier  may  be  used  to  attain  greater 
detail.  (4? 

4-3.  0.  4  Defects 

The  defects  encountered  in  brazing  titanium 
are  the  same  as  those  found  in  brazing  of  other 
materials.  Generally,  they  are  in  the  form  of  un¬ 
bounded  areas  or  voids  resulting  from  no  filler 
metal  or  no  flow  of  the  filler.  Voids  may  also  re¬ 
sult  from  excessive  reaction  between  the  filler 
metal  and  the  base  metal,  particularly  in  silver 
alloys. 

4-3.  1  PROCESS  APPLICATION 

In  this  section,  various  factors  of  the  braz¬ 
ing  process  as  they  apply  to  the  brazing  of  titanium 
are  discussed. 

4-3.  1.  1  Filler  Metals  ^ 

To  be  useful  as  a  brazing  filler  metal,  an 
alloy  must  melt  witbin  a  desired  temperature 
range,  it  must  wet  the  base  material  involved,  and, 
while  molten,  it  should  flow  to  some  extent  on  the 
base  metal.  Of  all  the  various  metals  and  alloys 
that  meet  one  or  more  of  these  criteria,  silver- 
base  alloys  have  been  used  with  the  most  success 
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for  .nc  brazing  of  .um,  Not  ail  of  the  silver- 
base  alloys  are  suitable  for  use  with  titanium,  but 
several  have  Ken  found  that  display  many  desir¬ 
able  properties.  The  most  useful  alloys  are  silver- 
lithium,  silver-aluminum-manganese,  and  silver- 
coj  sr-lithium.  The  most  common  problem  en¬ 
countered  with  other  brazing  alloys,  which  on  the 
surface  appear  usable,  is  that  they  react  readily 
\.  .th  titanium.  Only  through  the  use  of  very  short 
brazing  times  is  it  possible  to  prevent  excessive 
alloying  between  the  filler  metal  and  the  titanium- 
base  material. 

Brazing  alloys  for  use  with  titanium  alloys 
must  be  selected  with  care,  depending  on  the  alloy 
being  joined  and  its  thickness,  mass,  penetration 
tolerance,  and  service  requirements.  A  wide 
variety  .of  brazing  alloys  have  been  investigated, 
some  of  which  are  commercially  available. 

The  silver-lithium  alloys  are  used  in  a 
composition  ranging  from  0.  5  to  3.  0  percent  lithi— 
ur  .  However,  joints  made  with  these  alloys  do 
nit  nave  good  oxidation  resistance  in  air  at 
temperatures  of  about  800  F,  and  the  joint  strength 
is  seriously  degraded  by  exposure  to  these  condi¬ 
tions.  Joints  made  with  the  silver-lithium  alloys 
also  appear  to  have  poor  corrosion  resistance  in 
salt- spray  environments. 

The  most  promising  alloys  at  present  are 
those  containing  aluminum  and  manganese  in  a 
silver  base.  Alloys  of  this  type  have  been  used 
for  a  number  of  years.  A  typical  composition  is 
Ag'  5Al-lMn.  Although  this  and  similar  alloys 
appear  to  be  somewhat  better  than  the  silver- 
lithium  alloys  with  respect  to  oxidation  resistance 
and  salt-spray  corrosion  resistance,  there  is 
still  some  reluctance  to  use  the  materials  where 
exposure  to  these  conditions  can  be  expected.  The 
brazing  temperature  for  the  silver- aluminum- 
manganese  alloys  ranges  between  about  1450  to 
1650  F. 

Recent  data  indicate  that  all  silver-base 
brazing  alloys  may  degrade  the  stress- rupture 
properties  of  titanium,  A  similar  effect  may 
occur  with  brazing  alloys  based  on  other  metals 
such  as  gold,  platinum,  and  palladium. 

Among  other  brazing  alloys  of  interest  are 
the  silver-cadmium-zinc  brazing  filler  metals 
that  have  been  developed  and  used  for  oxyacetylene 
torch-brazing  applications.  Consistent  joint  ten¬ 
sile  strengths  ranging  from  40,000  to  50,000  psi 
and  single- lap-joint  shear- strength  values  In  ex¬ 
cess  of  30,000  psi  are  reported.  Alloys  of  this  type, 
containing  30  percent  silver,  have  been  developed 
lrr  joining  titanium  to  itself,  ateel,  stainless  steel, 
•tnd  silver  alloys, Fluxer  for  tneee  alloys  have 
also  been  developed. 

Another  brazing  alloy  with  very  desirable 
characteristics  is  an  experimental  palladium-base 
alloy.  W  Originally  Fdi- 14.  3Ag-4. 6Si,  it  has 
since  been  changed  to  Pd- 15.  4Ag-3.  5Si.  It  has 


excellent  flow  characteristics  and  a  liquidus  of 
1280  F,  i.  e.  ,  below  the  beta-transition  tempera¬ 
ture  of  pure  titanium.  This  alloy  forms  a  metal¬ 
lurgical  bond,  with  alley  mterfaciaJ  penetration  of 
0.  0015  inch  into  titanium.  Joint  strengths  in  the 
range  of  74,000  to  89,00°  psi  have  been  obtained. 
Connections  brazed  with  the  alloy  are  inert  to 
nitric  acid  and,  under  vacuum,  helium  leakage 
is  less  than  0.  63  cm^/yr.  ^ 

Four  recently  developed  braze-alloy  compo¬ 
sitions  that  show  much  promise  for  joining  titani¬ 
um  are  RM-8  143.  OTi-43.  0Zr-12.  ONi-2.  03e), 
RM-12  <45.  0TI-45.  OZr-8.  0Ni-2.  OBe),  CS-217 
(47.  5Ti-47.  Zr-5.  OBe),  and  CS-217C  (45.  12Ti- 
45.  127 r-4.  ?6Be-5.  0A1). (8)  These  alloys  have  ex¬ 
hibited  improved  crevice  corrosion  resistance  over 
the  standard  silver  braze  alloys.  They  also  pos¬ 
sess  levels  of  strength,  strain-accommodation 
ability,  peel  toughness,  and  oxidation  resistance 
comparable  to  the  best  silver  brazes.  In  addition, 
they  flow  at  temperatures  safely  below  the  beta- 
transus  temperatures  of  the  foil  alloys. 

4-3.  1.  2  Methods 

The  methods  that  have  been  used  to  braze 
titanium  are  generally  similar  to  those  developed 
for  other  materials,  such  as  stainless  steel.  With 
titanium,  however,  particular  care  must  be  taken 
to  insure  against  contamination  of  the  base  metal 
during  the  brazing  cycle.  This  has  necessitated 
the  careful  use  of  either  inert-gas  or  vacuum  en¬ 
vironments  during  the  brazing  cycle.  Heating  tor 
brazing  is  generally  accomplished  in  retorts  placed 
in  furnaces  or  by  some  type  of  radiant  heating  de¬ 
vice  such  as  a  quartz  lamp  panel.  Some  success 
has  been  reported  with  a  conventional  oxyacetylene 
torch-brazing  technique,  but  this  method  is  not 
considered  applicable  to  airframe  components.  In 
general,  it  can  be  concluded  that  the  brazing 
methods  used  on  titanium  are  very  demanding  of 
careful  control  throughout  all  steps  to  ensure  that 
the  titanium  base  material  is  not  contaminated  from 
any  source.  Specific  methods,  relating  to  the  two 
major  applications  of  tiianium  brazing,  are  dis¬ 
cussed  below. 

4-3,  1.  2.  1  Honeycomb  Sandwich  Structures 

In  furnace  and  retort  brazing  operations  of 
honeycomb  sandwich  structures,  titanium  can  be 
contaminated  by  leakage  of  air  into  the  brazing 
atmosphere.  One  fabricator  has  developed  a 
double-layer,  inert-gas  shroud  retort  to  ensure 
against  such  leakage.  (3)  in  addition  to  providing 
good  protection  against  contaminants,  the  process 
provices  for  lower  argon  consumption  and  shorter 
brazing  cycles  than  were  obtained  with  more  con¬ 
ventional  retorts.  The  technique  permits  the  use 
of  gas  or  electric  furnaces  and  eliminates  the 
need  for  a  secondary,  argon-filled  retort  around 
the  brezing  retort. 
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With  this  method,  titanium  contamination  is 
prevented  both  dynamically  and  mechanically. 
Protection  is  afforded  by  two  separate  atmosphere 
zones  and  a  pressure  differential  that  ensures 
more  effective  protection.  The  system,  as  shown 
in  Figure  4-3.  1.  2.  1-1,  is  larger  tham  most  re¬ 
torts  and  is  divided  into  two  pressure  zones.  The 
outer  zone  is  maintained  at  a  reduced  pressure, 
while  the  inner  zone  is  filled  with  argon  gas.  Air 
entering  through  a  leak  in  the  retort  is  removed 
between  the  retort  and  the  barrier  and  exhausted 
through  the  vacuum  tube.  The  pressure  differ¬ 
ential  helps  hold  the  parts  in  intimate  contact 
during  the  brazing  cycle. 

4-3.  1.  2.  2  Dissimilar  Metals 

Brazed  tube  joints  of  titanium  to  320  stain¬ 
less  steel  have  been  evaluated.  (9)  These  were 
sleeve  joints  brazed  by  induction  heating  in  argon 
using  a  98  percent  silver- 2  percent  lithium  alloy. 
The  process  was  successful,  but  the  joints  showed 
poor  corrosion  resistance  in  salt -spray  tests.. 
Failures  occurred  within  100  hours.  No  benefits 
were  derived  from  either  silver  plating  the  titani¬ 
um  or  nickel  plating  the  stainless  steel. 

More  recent  work  by  this  same  source  was 
concerned  with  the  usefulness  of  Dynabraze  filler 
metals  for  brazing  titanium  core-17-7PH  stainless 
steel-skin  sandwich  structures.  Panels  brazed 
with  Dynabraze  B  (95.  0Ag-5Al-0.  5-1.  OMn)  showed 
a  50-hour  salt-spray  life  and  withstood  100  hours' 
exposure  at  800  F.  Dynabraze  C  deteriorated  in 
the  salt- spray  test.  Node  flew  and  the  fillet  size 
and  shape  were  noi  good  with  these  alloys. 
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FIGURE  4-3.  1.  2.  1- 1.  DOUBLE-WALL  RETORT 
SYSTEM  FOR  BRAZING  TITANIUM- 
ALLOYS  sandwich  panels*3) 


A  transition  joint  between  titanium  (T1-6A1- 
4Vj  and  stainless  steel  (304L)  tubing  was  used  in 
the  Gemini  spacecraft.  This  joint  was  vacuum- 
induction  brazed  using  an  82  percent  gold*  18  percent 
nickel  brazing  alloy.  The  existence  of  a  brittle 
inter  metallic  layer  and  indications  of  cracks  re¬ 
vealed  by  dye-penctrant  tests  lead  to  extended 
joint  evaluations.  Attempts  to  induce  a  crack  by 
applying  a  two-point  bending  load  were  not  success¬ 
ful,  Cracks  were  induced  by  continued  bending. 

The  only  failure  occurred  by  fatigue  outside  the 
joint  area.  It  was  concluded  that  the  brazed  joint 
would  sustain  loads  in  excess  of  the  yield  strength 
of  the  stainless  steel  and  remain  leak-free.  The 
success  of  this  joint  has  been  attributed  to  strict 
control  of  all  the  variables  of  the  brazing  pro¬ 
cedure,  **3)  ^hese  included  very  rapid  induction 
heating,  critical  joint  gap  control,  and  control  of 
the  time  (within  seconds)  the  molten  gold-nickel 
alloy  was  in  contact  with  the  titanium.  The  de¬ 
velopers  of  this  technique  have  also  reported  on 
the  use  of  precisely  controlled  brazing  procedures 
and  properly  chosen  silver-base  alloys  to  produce 
titanium-mild  steel  and  titanium-Vas cojet  1000 
joints. 

The  experimental  palladium  alloy  discussed 
in  Section  4-3.  1.  1  is  also  useful  in  making  titanium- 
to- Stainless  steel  joints. 

4-3,  1.  3  Properties 

An  important  factor  in  selecting  braze  filler 
metals  is  the  effect  that  the  required  thermal  cycle 
will  have  on  base-metal  properties.  With  titanium, 
this  factor  is  important  primarily  when  brazing  a 
heat-treatable  alloy. 

Several  programs  have  been  conducted  to  de¬ 
velop  braze  filler  metals  for  titanium  that  are  com¬ 
patible  with  desired  heat-treating  cycles  of  titanium 
alloys.  In  general,  these  programs  have  not  been 
successful  in  identifying  brazing  alloys  that  pro¬ 
vide  the  necessary  combination  of  properties  to  be 
useful.  This  fact  limits  the  usefulness  of  brazing 
in  the  joining  of  titanium  alloys  where  heat  treat¬ 
ment  is  used  to  obtain  desirable  strength  proper¬ 
ties. 

Table  4-3.  1.  3-1  shows  tensile  properties  for 
copper  diffusion-brazed  joints  in  Ti-6A1-4V  alloy. 
Although  these  joints  were  diffusion  brazed,  a 
liquid  phase  was  involved,  and  it  is  felt  these  prop¬ 
erties  are  significant  and  representative  of  poten¬ 
tial  strengths  in  brazed  titanium  joints. 

As  stated  above,  the  effect  of  the  brazing 
cycle  on  base-metal  propertiee  is  an  important 
factor  in  selecting  brazing  filler  metala  for  titani¬ 
um  alloys.  Several  general  rulea  apply  to  thia 
selection.  **) 

Ideally,  the  brazing  temperature  should  be 
100  to  150  F  below  the  beta  tranaus  for  the  alloy. 

In  the  alpha-beta  alloyr,,  base-metal  ductility  may 
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TABLE  4-3.  1. 3- 1.  TENSILE  PROPERTIES  OF  COPPER 
DIFFUSION  BRAZED  JOINTS,  Ti-6A1-4V<13> 


Expo  air*  None  600  600 

Expoeurc  Time,  hr:  None  500  1000 

Environment:  None  NaClM  NaCl^ 


Ftu' 

ksi 

Sr 

Ftu> 

ksi 

Sr’ 

Ftu' 

ksi 

Sr 

Copper  Diffusion 
Brace  (1900  F 
for  60  min) 

139 

121 

>45 

126 

149 

128 

T1-6A1-4V  Base 
Metal  (1900  F 
for  60  min) 

137 

117 

145 

126 

147 

127 

{"»)  Aqueous  NaCl  slurry  we*  applied  to  the  specimen*. 


be  impaired  if  the  brazing  temperature  exceeds 
the  beta  transus.  The  beta  transus  may  be  ex¬ 
ceeded  in  brazing  beta-type  alloys  without  im- 
pairu.tr  base-metal  properties,  but  if  the  tem- 
peratuxe  is  too  high  the  ductility  of  the  alloy  after 
heat  trea^ent  may  be  impaired. 

The  brazing  temper  at  are  may  affect  the 
ultimate  and  yield  strengths  of  heat-treatable  al¬ 
loys  after  final  heat  treatment  unless  it  is  pos¬ 
sible  to  fully  heat  treat  the  assembly  after  brazing. 
For  example,  full  heat  treatments  for  most  of  the 
heat-treatable  alpha-beta  alloys  consist  of  two 
operations:  (1)  solution  treatments  to  adjust  the 
ratio  of  alpha  and  beta  phases  for  optimum  heat- 
treatment  response  and  (2)  age-hardening  treat¬ 
ments.  If  the  brazing  operation  is  part  of  the 
heat-treatment  cycle,  it  is  desirable  to  braze  at 
either  the  solution-treating  or  age-hardening  tem¬ 
peratures.  However,  the  age- hardening  tempera¬ 
tures  are  low  (800  to  1100  F)  and  satisfactory 
brazing  alloys  that  melt  and  flow  at  these  tem¬ 
peratures  are  not  available. 

If  the  brazing  operation  is  performed  near 
the  solution-treating  temperature  as  part  of  the 
heat-treating  operation,  then  the  cooling  rate 
from  brazing  temperatures  may  affect  the  final 
properties  of  the  base  metals.  Thi  s  is  especially 
true  for  alloys  such  as  Ti-6A1-4V,  which  have  low 
beta  content  and  require  rapid  cooling  from 
solution-treating  temperature  to  obtain  good  he.H- 
treatment  response. 
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4-4.  0  INTRODUCTION 

Although  adhesive-bonded  joints  have  been 
used  extensively  in  the  fabrication  of  aircraft, 
their  use  with  titanium  structures  is  still  quite 
limited.  The  British  pioneered  in  the  of  syntheti: 
adhesives  for  primary  structural  joints  in  aircraft 
during  World  War  II,  Experience  was  first  gained 
with  wooden  aircraft.  It  was  later  extended  to 
wood-to-mctal  and  metal-to-metal  joints  in  numer¬ 
ous  European  and  American  military  and  com¬ 
mercial  aircraft.  (1>2)  However,  aluminum  has 
been  used  in  all  of  the  reported  European  applica¬ 
tions  and  in  the  bulk  of  work  done  in  this  country. 
Although  titanium  has  been  used  extensively  in  re¬ 
cent  aircraft,  riveted,  rather  than  adhesive- 
bonded,  construction  has  been  used.  Nonetheless, 
much  of  the  adhesive  bonding  work  that  has  been 
done  in  aircraft  structures  can  be  applied  to 
titanium  bonding. 

The  discussion  in  this  handbook  will  relate 
to  organic  adhesives  only.  Much  work  was  done 
with  inorganic  adhesives  in  the  late  1950s,  but 
although  they  offer  high  mechanical  strengths,  a 
problem  of  brittleness  was  never  resolved  satis¬ 
factorily.  Apparently,  there  is  presently  no  pro¬ 
duction  application  of  inorganic  adherives  in  titani¬ 
um  bonding. 

4-4.  0.  1  Advantages  of  Adhesive  Bonding 

As  indicated  above,  most  of  the  adhesive¬ 
bonding  technology  has  been  developed  for  alumi¬ 
num  and  steels.  However,  the  techniques  are 
generally  applicable  to  titanium  as  well.  Although 
knov/ledge  about  adhesive  bonding  is  not  yet  as 
widespread  throughout  industry  as  knowledge  of 
such  other  joining  techniques  as  riveting,  welding, 
and  brazing,  it  is  known  to  offer  certain  advan¬ 
tages.  (1)  These  include: 

(1)  Mechanical  strength.  Properly  de¬ 
signed  and  constructed  adhesive- 
bonded  joints  have  shown  room- 

.  temperature  lap-shear  tensile  strengths 
ranging  up  to  7000  psi.  In  some  cases, 
adhesion  has  been  so  strong  that  frac¬ 
ture  has  been  accompanied  by  pulling 
pieces  of  metal  from  the  surface  at  the 
bond  plane.  Because  the  load  is  dis¬ 
tributed  more  evenly  across  the  joint 
than  with  rivets  or  spot  welds,  adhesive- 
bonded  joints  are  often  superior  under 
cyclic  loading  conditions. 

(2)  Mechanical  damping.  Organic  adhesives 
have  a  high  damping  capacity,  which  re¬ 
duces  the  sensitivity  to  vibrational 
loading  and  helps  to  lower  the  noise 
level. 


(3)  Smooth  external  appearance.  Smooth, 
unbroken  lines,  which  are  essential  on 
the  exterior  of  an  aircraft,  can  be  ob¬ 
tained  with  adhesive  bonding. 

(4)  Use  in  the  joining  of  dissimilar  metals. 
Because  of  the  apparent  electrical  in¬ 
sulating  properties  of  adhesives,  dis¬ 
similar  metals  can  be  joined  with  much 
less  chance  of  galvanic  corrosion.  This 
allows  greater  freedom  in  choosing 
materials. 

(5)  Usability  with  thin  or  brittle  materials. 
Mechanical  fastening  and  welding  become 
difficult  with  materials  of  0.  040  inch  and 
less,  but  adhesive-bonded  joints  are 
easily  made  in  these  thin  materials. 

With  brittle  materials,  adhesive  bonding 
offers  freedom  from  high- intensity  or 
sudden  mechanical  loading  during  the 
bonding  operation. 

(6)  Possible  weight  and  size  reduction. 
Butt-welded  joints  remain  the  lightest 
possible  type  of  construction.  Adhesive- 
bonded  joints ,  however,  offer  a  consider¬ 
able  advantage  in  weight  and  size  over 
mechanical  fastening  for  joining  of  thin 
or  light  materials. 

(7)  Combined  sealing  and  structural  function. 
Certain  adhesives,  particularly  the 
elastomers  and  elastomer-phenolic 
blends,  are  often  used  as  sealants  as 
well  as  structural  adhesives.  An  ex¬ 
ample  of  this  type  of  use  is  the  "wet 
wing"  type  of  aircraft,  which  uses  no 
separate  fuel  tank.  The  fuel  is  contained 
within  the  wing  by  100  percent  sealing  of 
structural  joints. 

(8)  Minimum  finishing  required.  Little  or 
no  work  is  required  on  an  adhesive- 
bonded  joint  after  curing.  In  some  cases, 
it  may  be  necessary  to  remove  any  ad¬ 
hesive  that  extends  behond  the  joint,  but 
this  is  easily  accomplished. 

(9)  No  thermal  damage  to  metals.  The 
curing  temperatures  required  for  ad- 
sives  are  below  the  range  that  will  cause 
any  metallurgical  change  in  titanium. 

(10)  Low  cost.  When  the  entire  cost  of  mak¬ 
ing  a  joint  is  completely  accounted  for, 
adhesive  bonding  is  often  less  expensive 
than  other  joining  methods. 


4-4.  0.  2  Disadvantages  of  Adhesive  Bonding 

There  are  certain  limitations  to  adhesive 
bonding,  including:^) 

(1)  Limited  service  conditions.  The  upper 
service-temperature  limit  that  a  good 
epoxy  or  phenolic  adhesive  can  withstand 
for  an  indefinite  time  is  usually  given  as 
about  350  F,  There  are  some  polyimide- 
based  adhesives  available  that  will  with¬ 
stand  500  F  for  several  thousand  hours, 
hours.  W  It  should  be  noted  that  recent 
Russian  work  has  reported  tests  made 

at  temperatures  up  to  1832  F,  &) 

(2)  Residual  stresses.  Residual  stresses 
arise  in.  an  adhesive-bonded  joint  because 
of  differential  thermal  expansion  between 
the  adhesive  and  adherend.  They  be¬ 
come  a  more  serious  problem  as  curing 
temperatures  increase.  Generally,  the 
adhesive  layer  has  the  higher  thermal- 
expansion  coefficient,  and  is  put  in 
tension  as  the  joint  cools  following 
curing.  These  stresses  cannot  be 
readily  annealed  out.  The  use  of  a 
thicker  glue  line,  a  more  resilient  ad¬ 
hesive,  or  postcuring  will  minimize 
them,  however. 

(3)  Need  for  accurate  joint  fitup.  Clearance 
between  adherends  to  be  adhesively 
joined  should  be  uniform  and  usually 
somewhere  between  0.  005  and  0.  °10 
inch. 

(4)  Requirement  for  a  high  standard  of 
cleanliness.  The  adherend  surfaces 
for  adhesive-bonded  joints  must  be  pre¬ 
cleaned  and  kept  clean  until  bonded. 

There  is  no  cleaning  action  inhe  rent  to 
the  process  as  with  welding,  brazing, 
and  soldering. 

(5)  Susceptibility  to  weather,  solvent,  and 
moisture  attack.  Adhesives  must  be 
carefully  chosen  for  a  particular  appli¬ 
cation,  since  there  is  a  danger  of  de¬ 
gradation  of  an  adhesive  by  its  environ¬ 
ment.  For  example,  thermoplastic  ad¬ 
hesives  are  subject  to  attack  by  solvents, 
and  cyanoacrylates  are  moisture  sensi¬ 
tive. 

(6)  Requirement  for  curing  time  for  maxi¬ 
mum  properties  to  develop.  Curing 
time  for  adhesives  may  range  from  a 
few  minutes  to  several  hours.  The  ad¬ 
herend  s  must  be  fixtured  during  curing 
so  there  is  no  relative  motion  between 
them.  The  seriousness  of  this  problem 
may  be  reduced  by  such  means  as  de¬ 
signing  self-clamping  parts  or  by  curing 
at  the  same  time  the  paint  is  baked  on. 


(7)  Possibility  that  the  adhesive  may  react 
with  the  material  being  joined.  Care 
must  be  taken  in  the  selection  of  ad¬ 
hesives,  fillers,  extenders,  and  curing 
agents  to  avoid  compounds  that  will 
corrode  the  adherends. 

(8)  Possibility  that  the  adhesive  may  out  gas. 

Any  organic  material  in  enclosed  or 
hermetically  sealed  devices  should  be 
used  with  caution.  Sufficient  vapor  may 
be  given  off  from  the  organic  material 
during  and  after  curing  to  impair  the 
function  of  the  device. 

(9)  Possibility  that  adhesive  may  degrade 
under  radiation.  Adhesive  bonding  is  the 
most  radiation  sensitive  of  the  joining 
processes.  Work  is  being  done  to 
evaluate  this  factor  in  the  upper- 
atmosphere  radiation  fields,  but  no  re¬ 
sults  are  presently  available. 

4-4.  0.  3  Elements  of  Process 

As  with  all  joining  processes,  adhesive  bond¬ 
ing  is  broken  into  three  major  steps  —  pretreat¬ 
ment,  making  the  joint,  and  posttreatment.  (1) 

During  pretreatment,  the  surfaces  to  be 
joined,  the  adherends,  are  properly  cleaned  and  i 

conditioned.  The  conditioning  may  involve  appli¬ 
cation  of  an  electroplate  or  a  chemical  conversion 
coating,  and  may  be  followed  by  application  of  a 
primer  adhesive  in  a  volatile  solvent.  Following 
this  conditioning,  the  adhesive  is  placed  on  the 
area  to  be  bonded. 

The  joint  is  made  by  placing  both  adherends 
in  contact  with  the  adhesive  in  their  desired  rela¬ 
tive  position.  Some  means  is  provided  to  hold 
them  in  this  position.  Time  is  allowed  for  the  ad¬ 
hesive  to  cure,  or  harden,  during  which  period 
many  adhesives  require  the  application  of  external 
heating.  After  the  cure,  the  adhesive  is  a  solid 
and,  if  the  joint  is  proper,  is  distributed  evenly 
between  the  adherends  in  a  line  several  thousandths 
of  an  inch  thick. 

Posttreatment  may  include  a  second  curing 
cycle,  or  postcure.  It  may  also  include  the  re¬ 
moval  of  any  excess  adhesive  thst  has  oozed  out  of 
the  bond  area.  For  critical  joints,  the  posttreat¬ 
ment  inspection  may  include  nondestructive  testing. 

4-4.  0.  4  Surface  Cl-ining  and  Preparation 

Perhaps  the  most  critical  step  in  achieving  a 
good  adhesive  bond  is  the  preparation  of  the  sur-  j 

faces  to  be  joined.  Figure  4-4.  0.  4-1  shows  the 
sequence  of  operations  common  to  most  adherend- 
preparation  processes.  Numerous  procedures  for 
preparation  of  titanium  alloys  are  reported  in  the 
literature,  but  they  differ  mainly  only  in  the  compo¬ 
sitions  of  the  etching  and  surface- conditioning  reagents 
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FIGURE  4-4.  0.  4- 1.  FLOW  CHART  OF  SURFACE- 
PREPARATION  PROCESSES  FOR  AD¬ 
HESIVE  BONDING  OF  TITANIUM 
ALLOYS*1) 

Degreasing  and  acid  etching  or  alkaline 
cleaning  operations  have  already  been  discussed 
in  Section  4-0.  2.  5  of  this  report,  and  reference 
should  be  made  to  that  section.  It  is  important  to 
repeat,  however,  that  chlorinated  solvents,  if 
incompletely  removed  from  titanium  alloys,  can 
give  rite  to  stress-corrosion  cracking  in  the 
vicinity  of  subsequently  made  welds.  Since  weld¬ 
ing  of  titanium  is  often  done  in  the  same  plant  as 
adhesive  bonding  and  is  sometimes  done  on  the 
same  parts ,  best  practice  is  to  avoid  the  use  of 
chlorinates  solvents  completely.  Several  air¬ 
frame  manufacturers  who  fabricate  titanium  al¬ 
loys  no  longer  permit  use  of  chlorinated  sol¬ 
vents.  **) 

Abrasive  blasting  may  also  be  used  to  re¬ 
move  the  oxide  layer.  Additional,  specific  in¬ 
formation  is  offered  in  the  following  discussion. 

Wiping  of  parts  may  be  necessary  where 
they  are  too  large  for  treatment  tanks.  In  this 
case,  badlv  contaminated  points  on  the  surface 
should  be  pretreated  by  scrubbing  or  mechanical 
abrasion.  When  abrasion  is  used,  care  must  be 
taken  to  remove  the  abrasive  residue. 

Treatment  in  strong  acidic  etching  solu¬ 
tions,  particularly  sulfuric  acid,  can  result  in 
appreciable  hydrogen  pickup.  This  can  result  in 
embrittlement  and  may  also  cause  porosity  in 
titanium  alloy  welds.  **)  Hydrogen  pickup  can  be 
minimized  by  using  a  pickling  solution  containing 
ten  parts  of  nitric  acid  to  one  part  of  hydro¬ 
fluoric  acid  by  volume.  *5) 


Since  residual  etching  or  cleaning  solutions 
may  cause  corrosion  of  the  joint,  thorough  rinsing 
ic  necessary  to  completely  remove  these  solutions. 
Opinions  differ  as  to  whether  water  rinses  should 
be  hot  or  cold;  tap,  demineralized,  or  '.istilled; 
immersion  or  spray,  or  whether  the  hot  rinse 
should  precede  the  cold.  Tap  water  is  not  gener¬ 
ally  recommended,  however,  as  it  may  reintroduce 
various  impurities,  including  chlorine. 

If  drying  i*  necessary  after  the  rinse,  it  can 
be  done  in  air  as  clean,  still,  and  dust-free  as 
possible,  or  it  can  be  forced  by  a  clean,  warm-air 
blast.  If  forced  drying  is  used  with  titanium  alloys, 
the  temperature  should  be  limited  in  order  to  slow 
oxide-film  growth.  *1) 

The  conditioning  step  of  surface  preparation 
involves  forming  a  corrosion-  preventing  film  or 
seal  on  the  adherend  surface.  This  film  is  con¬ 
trolled  as  to  chemical  composition  and  thickness. 
The  composition  of  the  film  may  be  the  most  im¬ 
portant  single  factor  controlling  the  strength  of 
the  adhesive- **onded  joint  under  the  desired  service 
conditions.  There  is  no  systematic  means  avail¬ 
able  for  choosing  the  proper  solution  for  a  given 
application,  and  this  must  be  done  by  testing.  The 
films  typically  used  for  titanium  are  complex  mix¬ 
tures  of  phosphates,  fluorides,  chromates,  sul¬ 
fates,  and  nitfates.  (1) 

The  surface  may  be  sealed  anodically  as  well 
as  chemically.  Anodic  solutions  contain  a  chelating 
agent  or  an  active  acid  to  attack  the  titanium,  and 
an  acidic  or  alkaline  electrolyte  to  increase  con¬ 
ductivity.  Anodic  coatings  are  not  good  barriers 
against  further  oxidation,  and  generally  require 
sealing  with  a  silane  primer  prior  to  bonding.  *2) 

Titanium  should  be  bonded  no  later  than  8 
hours  after  surface  preparation;  otherwise,  surface 
contamination  will  negate  the  preparation  process. 
Preferably,  bonding  should  be  performed  immedi¬ 
ately  after  preparation.  When  this  is  not  possible, 
die  prepared  surface  should  be  primed  according 
to  the  adhesive  manufacturer's  directions.  The 
primed  parts  should  then  be  stored  in  a  clean,  dry 
place,  preferably  protected  by  a  cover  of  some 
sort,  until  ready  for  bonding.  Cleaned  parts  should 
be  handled  only  with  clean  cotton  or  nylon  gloves.  (!) 

The  various  procedures  that  have  been  used 
to  prepare  titanium-alloy  -urfaces  for  adhesive 
bonding  are  summarized  in  Reference  (1).  Convair, 
Ft.  Worth,  studied  31  procedures  for  preparing 
titanium  and  selected  the  following  phosphate- 
fluoride  method  as  best,  at  least  for  high- 
temperature  application:**) 

(1)  Wipe  with  methyl  ethyl  ketone 

<2)  Degrease  W’ih  trichloroethylene  vapor* 
♦See  comments  abo,-e  regarding  precautions  on 
the  use  of  chlorinated  solvents. 


(3)  Pickle  in  the  following  water  solution 
at  room  temperature  for  30  seconds: 

Nitric  acid  {15  percent  by  volume  of 
70  percent  HNOj  solution) 

Hydrofluoric  acid  (3  percent  by  volume 
of  50  percent  HF  solution) 

(4)  Rinse  in  tap  water  at  room  temperature 

(5)  Immerse  in  the  following  water  solution 
at  room  temperature  for  2  minutes: 

Trisodium  phosphate:  50  grarns/liter 
of  solution 

Potassium  fluoride:  20  granis/liter  of 
solution 

Hydrofluoric  acid  (50  percent  solution): 
26  milliliters /liter  of  solution 

(6)  Rinse  in  tap  water  at  room  temperature 

(?)  Soak  in  150  F  tap  water  for  15  minutes 

(8)  Spray  with  distilled  water  and  air  dry, 

4-4,  0.  5  Residual  Stresses 

Thermal-expansion  coefficients  of  adhesives 
as  a  class  of  materials  are  higher  than  those  of 
metals.  It  has  already  been  mentioned  that  this 
mismatch  can  cause  residual  stresses  in  the  joint 
with  temperature  changes.  An  adhesive  bond  will 
tend  to  be  under  internal  stress  on  cooling  after 
the  cure,  the  adhesive  tending  to  be  in  tension.  If 
the  adhesive  has  shrunk  during  the  cure,  the  ten¬ 
sile  stress  will  be  even  greater  in  the  completed 
joint.  Because  of  these  residual  stresses,  delayed 
room-temperature  failure  may  frequently  occur. 
This  can  usually  be  overcome  by  adjustment  of 
the  curing  cycle.  If  the  joint  is  intended  for  ser¬ 
vice  below  room  temperature,  even  greater  stress¬ 
es  will  develop  during  cooling,  which  may  result 
in  immediate  and  spontaneous  failure  of  the  bond. 

One  methou  sometimes  used  to  reduce  the 
thermal-expansion  mismatch  is  to  fill  the  adhesive 
with  metal  powder,  preferably  of  the  metal  being 
bonded.  This  may  cai’.^e  loss  of  adhesion,  how¬ 
ever. 

A  resilient  adhesive  will  adjust  to  the  inter¬ 
nal  stresses  in  the  joint  better  than  a  hard  or 
brittle  one.  Often,  adhesives  intended  for  use 
with  metals  are  complex  mixtures  of  a  bace  epoxy 
or  phenolic  resin  blended  with  aw  '’astomer,  such 
as  nitrile  rubber,  or  a  thermoplastic.  These 
materials  increase  the  resiliency  of  the  adhesive. 


4-4.  0.  6  Use  of  Solvent  Carriers 

The  use  of  solvents  in  metal-bonding  adhesives 
results  in  greatly  extended  cure  times  and  porous 
bonds.  This  is  because  of  the  inability  of  the  sol¬ 
vents  to  escape  from  between  nonporous  surfaces. 
For  this  reason,  adhesives  used  to  bond  metals 
contain  only  small  amounts  of  the  solvents  and  vola¬ 
tile  materials  that  are  commonly  found  in  adhesives 
used  to  bond  porous  materials.  Primers  used  with 
metal  joints  do  contain  solvents  that  should  be 
allowed  to  evaporate  before  the  bonding  operation 
is  performed.  Adhesives  containing  solvents  can 
be  used  with  metals  that  are  coated  and  left  apart 
until  most  of  the  solvent  has  evaporated. 


4-4.  0.  7  Inspection  and  Testing 


The  importance  of  testing  in  producing  accept¬ 
able  adhesive-bonded  joints  cannot  be  overempha¬ 
sized.  Inspection  of  adherend- surface  preparation 
and  testing  and  evaluation  of  adhesives  and  tooling 
are  as  important  as  testing  of  the  completed  joint. 


4-4.  0.  7.  1  Surface  Preparation 


The  most  commonly  used  test  for  surface 
cleanliness,  and  the  most  easily  applied,  is  the 
waver-break  test.  (*)  This  can  be  used  at  any  stage 
of  the  cleaning  process.  The  surface  is  presumed 
free  of  harmful  organic  films  if  a  drop  of  distilled 
water  wets  the  metal  surface  and  spreads  out,  or 
if  a  distilled-water  film  on  the  surface  does  not 
break  up  into  individual  droplets.  If  a  surface  is 
uniformly  wet  by  distilled  water  it  will  probably 
also  be  wet  by  an  adhesive.  An  organic  solvent  has 
sometimes  been  substituted  in  this  test  but  is  not 
suitable.  The  solvent  may  have  the  power  of  dis¬ 
solving  any  organic  film  present  and  then  wetting 
the  surface.  The  water-break  test  does  not  give 
information  concerning  the  strength  of  any  film 
present,  so  it  is  not  a  test  of  attainable  adhesive- 
bond  strength. 


4-4.  0.  7.  2  Adhesive  Evaluation 


Constant  checks  of  an  adhesive's  bonding 
strength  are  essential.  For  critical  applications, 
lot-to-lot  variation  in  adhesives  can  be  significant. 
Materials  already  in  the  plant  must  be  checked  be¬ 
fore  and  during  use  to  assure  that  they  have  not 
deteriorated  with  age  or  improper  storage  condi¬ 
tions.  There  are  several  means  of  mechanically 
testing  bond  strength. 


One  of  these  is  the  simple  overlap  tensile 
shear  test.  The  simple  lap  joint  pulled  in  tension 
is  easy  to  make  and  test  and  provides  meaningful 
comparative  results.  (6)  Dimensions  of  the  tensile- 
shear  specimen  set  forth  in  Federal  Test  Method 
No.  175,  Tentative  Standard  Method  1033.  1-T,  are 
generally  accepted.  A  sketch  of  the  specimen  is 
shown  in  Figure  4-4.  0,  7.  2-1, 


4-4:67-5 


in. 


L  is  usually  taken  os  0.5h  for  metal  adherend*. 
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FIGURE  4-4.  0.  7.  2- 1.  CONFIGUR  ATION  OF 

SIMPLE- LAP  TENSILE-SHEAR- TEST 
SPECIMEN 

Another  mechanical  teat  that  may  be  used 
in  adhesive  evaluation  is  the  tee-peel  teat.  A 
specimen  fcr  this  is  shown  in  Figure  4-4,  0.  7.  2-2, 
The  results  of  this  test  are  given  in  terms  of  strain 
energy  per  unit  width  of  specimen,  in.  -Ib/in.  Thus 
the  adherend  thickness  can  influence  the  result. 


FIGURE  4-4.  0.  7.  2-2.  CONFIGURATION  OF 

PANEL  AND  INDIVIDUAL  TEE- PEEL- 
TEST  SPECIMEN^) 

The  pi-tension  test  is  a  third  type.  This 
test  is  illustrated  in  Figure  4-4.  0.  7.  2-3.  Two 
circular  blocks,  bonded  with  adhesive,  are  pulled 
in  tension  normal  to  the  bond  plane.  This  test  is 
covered  by  Federal  Test  Method  No.  175  and  has 
been  adapted  for  testing  adherence  of  honeycomb- 
panel  cover  sheets  to  core.  It  is  a  specialised 
test,  since  results  will  be  Influenced  by  the  details 
of  core  configuration. 

Other  mechanical  tests  are  applied  to  honey¬ 
comb.  These  include  the  climbing  drum-peel  test 


FIGURE  4-4.  0.  7.  2-3.  ADHEREND  BLOCK  AND 
TESTING  ARRANGEMENT  FOR  PI- 
TENSION  TEST 


and  various  forms  of  tests  in  which  honeycomb 
panels  are  loaded  as  three-  and  four-point  beams 
in  flatwise  compression  and  in  edgewise  compres¬ 
sion,  tension,  or  shear.  Additional  information 
concerning  these  may  be  found  in  References  (6) 
and  (7). 


4-4,  0.  7.  3  Tooling  Evaluation 


Before  bonding  tools  and  fixtures  are  placed 
in  production,  they  must  be  proven  by  making 
destructive  tests  on  parts  bonded  with  them.  Proc¬ 
ess  equipment  and  instrumentation  must  be  peri¬ 
odically  checked  to  insure  satisfactory  operation. 
On-the-spot  inspection  during  adhesive  bonding  is 
necessary  to  enable  adjustment  of  processing  equip¬ 
ment  with  a  minimum  scrap  loss  of  product. 


4-4.  0.  7.  4  Destructive  Testing 


Destructive  testing  is  not  desirable  because 
it  leaves  the  bonded  parts  unsuitable  for  service. 
One  means  of  overcoming  this  limitation  is  to  use 
small,  detachable  test  coupons  for  destructive 
teits.  Their  use  must  be  planned  when  tooting  is 
designed.  The  specific  tests  performed  will  depend 
on  the  nature  of  the  bonded  pert  and  its  intended 
Service.  Even  with  the  use  of  coupons,  destructive 
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testing  of  some  of  the  parts  themselves  will  be 
necessary. 


4-4.  0.  7.  5  Nondestructive  Testing 


The  use  of  sonic  waves  is  the  most  widely 
used  nondestructive  testing  method  for  adhesive- 
bonded  metal  parts.  Some  X-ray  examination  has 
been  done,  but  adhesive  bonds  are  transparent 
to 'X-rays  of  the  energies  necessary  to  penetrate 
metal  cores  and  face  sheets.  The  ultrasonic  test 
methods  are  adaptations  of  those  developed  for 
metals.  They  may  be  conducted  with  parts  im¬ 
mersed  in  water  or  with  dry  parts  with  only  a 
fluid-coupled  transducer.  There  are  several  types 
of  sonic  test  equipment  available,  including  the 
Stud-Meter,  the  Coinda-scope,  and  the  Fokker 
Bond  Tester.  Correlations  have  been  made 
between  tester  reading  and  tensile-shear  strength, 
so  that  as-bonded  strengths  can  be  predicted. 
Several  aerospace  manufacturers  have  worked  out 
these  correlations  for  their  particular  bonding 
systems,  and  are  presently  using  them  in  quality 
control.  One  unsuccessful  attempt  has  been  made 
to  use 'the  sonic  tester  to  detect  in-service  bond- 
strength  deterioration.  0®) 
v 


4-4.  0.  8  Specifications 


A  complete  summary  of  Government,  mili¬ 
tary,  and  industry-wide  specifications  relating  to 
adhesive  bonding  is  available  in  Reference  (11). 
Supplemental  reviews  to  Reference  (11),  at  3- 
month  intervals,  are  available  from  the  source 
indicated.  Other  reliable  references  on  specifica¬ 
tions  are  References  (12)  and  (13). 


4-4.  1  JOINT  DESIGN 

The  best  strength  properties  of  adhesives 
are  generally  obtained  under  shear  loading.  For 
this  reason,  lap  joints  are  prefereable  wherever 
they  can  possibly  be  used.  Although  they  are  dif¬ 
ficult  to  obtain,  detailed  stress  analyses  of  a 
adhesive-bonded  joints  have  been  made.  Part  of 
the  difficulty  in  obtaining  such  analyses  arises 
from  the  nonlinear  stress-strain  characteristics 
of  adhesives.  A  recent  survey  report(14)  pre¬ 
sents  a  critical  review  of  present  knowledge  in 
this  area.  For  this  discussion,  it  is  sufficient  to 
-cint  out  that  stresses  are  not  uniformly  distrib¬ 
uted  across  an  adhesive  joint.  As  shown  in 
Figure  4-4.  1-1,  stress  concentrations  occur  at 
the  free  edges  of  the  glue  line.  When  the  adher- 
ends  are  thin  enough  to  be  bent,  as  shown  in  this 
figure,  the  stress  concentrations  in  the  plane  of 
the  adhesive  are  accompanied  by  the  appearance 
of  a  tensile  stress  in  the  free  edges  of  the  adhesive 
in  a  direction  normal  to  the  glue  line,  causing  a 
tendency  toward  peeling, 

A  wide  variety  of  adhesive-bonded  joints 
are  shown  in  Figures  4-4,  1-2  through  4-4.  1-14. 

All  of  these  could  be  applicable  to  titanium  struc¬ 
tures  in  a  supersonic  aircraft.  Figures  4-4. 1-2 


and  4-4.  1-3  present  a  compilation  of  the  numerous 
designs  developed  for  adhesive-bonded  lap  joints. 
These  figures  also  present  data  on  adherend  rigid¬ 
ity  and  stress  concentrations  in  the  joints.  Selec¬ 
tion  of  a  particular  joint  geometry  tor  a  given 
application  is  a  compromise  between  strength  and 
cost  of  preparation.  Other  types  of  joints  can  also 
be  designed  to  place  the  glue  line  >n  shear.  Some 
corner-joint  designs  are  shown  in  Figure  4-4.  1-4. 
Sheet-metal  corner  joints  usually  require  a  third 
component,  which  may  be  a  formed,  machined,  or 
extruded  part.  Tee  joints  can  be  variously  designed, 
depending  on  the  type  of  loading  to  be  encountered. 
Some  edge,  angle,  and  tee- joint  designs  are  shown 
in  Figure  4-4.  1-5,  Tubular  joints  in  hollow  com¬ 
ponents  are  shown  in  Figure  4-4.  1-6.  These  should 
be  designed  with  sleeves  around  the  bond  are? ,  or 
by  sizing  one  adherend  to  fit  vithin  the  other. 

Where  a  butt  joint  is  made  in  thick  materials,  the 
edges  should  be  so  prepared  that  a  shearing  com¬ 
ponent  exists  along  at  least  part  of  the  glue  line, 
as  shown  in  Figure  4-4.  1-7.  Similarly  designed 
faces  with  radial  symmetry  can  oe  used  when  bond¬ 
ing  solid  rods.  Thin  strips  of  metal  that  are  likely 
to  peel  in  flexure  loading  can  be  bonded  in  several 
ways,  as  shown  in  Figure  4-4.  1-8. 


FIGURE  4-4.  1- 1.  VARIATION  IN  STRESSES  IN 

TENSILE- LOADED  SIMPLE  LAP  JOINT?1) 
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FIGURE  4-4.  1-2.  SOME  DESIGNS  FOR  OFFSET  LAP  JOINTS^16) 

(From  Adhesive  Bonding  of  Reinforced  Plsotica.  by  H.  A.  Perry, 
Copyright  1959,  McGraw-Hill  Book  Company,  Inc,.  Used  by  per¬ 
mission  of  McGraw-Hill  Book  Company,  Inc. } 
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(From  Adhesive  Bonding  of  Reinforced  Plastics,  by  H.  A.  Perry, 
Copyright  1959,  McGraw-Hill  Book  Company,  Inc.  Used  by  per¬ 
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FIGURE  4-4.  1-4.  CORNER-JOINT  DESIGNS^1?) 
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FIGURE  4-4.  1-5.  SOME  DESIGN  FOR  EDGE,  ANGLE,  AND  TEE  JOINTS^16* 

(From  Adhesive  Bonding  of  Reinforced  Plastics,  by  H.  A.  Perry, 
Copyright  1959,  McGraw-Hill  Book  Company,  Inc.  Use  by  per¬ 
mission  of  McGraw-Hill  Book  Company,  Inc.) 
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FIGURE  4-4.  1-6.  SOME  DESIGNS  FOR  TUBULAR  JOINTS*16) 


Conventional  Tongue  and  Groove 


Landed  Scarfed  Tongue  ond  Groove 


Scarfed  Tongue  ond  Groove 

FIGURE  4-4.  1-7.  BUTT-JOINT  DESIGNS*1 8) 


FIGURE  4-4.  1-8,  FEEL- RESISTANT  DESIGNS  FOR  FLEXIBLE  MEMBERS*191 

(Reprinted  from  the  May  25,  1964,  issue  of  Product  Engineering,  Copyright 
1964  by  McGraw-Hill  Book  Company,  Inc, ) 
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FIGURE  4-4.  1-9.  JOINT  DESIGNS  FOR  HAT-SECTION  SKIN-AND-STRINGER 
CONSTRUCTION^} 
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FIGURE  4-4.  1-10.  HONEYCOMB- PANE!-.- EDGE  DESIGNS^21) 


FIGURE  4-4.  1- 1 1,  CIRCUMFERENTIAL  JOINT  IN 
LARGE  HONEYCOMB  CYLINDER*22) 


FIGURE  4-4,  1-12.  DESIGN  FOR  A  HONEYCOMB  EDGE  JOINT*27) 
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FIGURE  4-4.  1-  13.  METHODS  OF  ATTACHING  PANELS  TO  SUB¬ 
STRUCTURE^7) 
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FIGURE  4-4.  1-14.  INTERNAL  VERSUS  EXTER¬ 
NAL  SKIN  STEPS*18) 

The  remaining  figures  show  more  complex 
structures.  Hat-section  skin- and- stringer  panels 
are  shown  in  Figure  4-4.  1-9.  These  designs 
allow  good  control  over  lateral  stiffness  of  the 
joints  through  the  use  of  doublers  and  changes  in 
details  of  the  stringer  cross  sections. 


Honeycomb  panel  is  becoming  increasingly 
important  as  a  lightweight,  stiff  structural  design, 

A  comprehensive  handbook  covering  details  of  ad¬ 
hesive  bonding  of  honeycomb  has  been  published  by 
the  Armed  Forces  Supply  Center.  (15)  Some  typi¬ 
cal  edge  closure  designs  that  have  been  used  with 
adhesively  bonded  honeycomb  panels  are  shown  in 
Figure  4-4. 1- 10 

Certain  honeycomb  structures  require 
continuous-core  construction  or  sharp  bends.  The 
design  of  these  structures  is  difficult;  some  de¬ 
signs  that  have  been  used  are  shown  in  Figures 
4-4.  1-11  and  4-4.  1-12.  Figure  4-4.  1-13  shows 
some  methods  of  attaching  panels  to  substructures. 
Other  recent  honeycomb  sandwich  designs  have 
made  it  necessary  to  use  a  stepped  skin,  as  shown 
in  Figure  4-4,  1-14.  According  to  one  source,*18) 
external  steps  are  preferable  to  internal  steps 
from  the  standpoint  of  obtaining  a  reliable  core-to- 
sixin  bond.  Internal  steps  require  a  contoured 
core,  and  tolerance  mismatches  in  layup  are  likely. 
These  mismatches  will  result  in  voids  or  crushed 
regions  in  the  core.  The  external  steps,  shown 
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as  being  integral  with  the  skin  in  the  figure ,  might 
also  be  in  the  form  of  bonded  double  sheets. 

4-4.2  ADHESIVE  PROPERTIES 

There  are  presently  hundreds  of  commer¬ 
cially  available  adhesives.  Probably  no  two  ad¬ 
hesives  manufactured  by  different  companies  are 
exactly  alike.  For  example,  there  are  reportedly 
over  100  different  curing  agents  for  epoxy  resins, 
each  of  which  imparts  something  of  its  own  char¬ 
acteristics  to  the  adhesive.  However,  the  only 
adhesives  known  to  have  been  used  with  titanium 
belong  to  the  class  known  as  thermosetting  ad¬ 
hesives.  (1)  These  adhesives  are  chemically 
changed  during  curing  so  that  they  cannot  melt  or 
be  dissolved  in  the  common  solvents.  When  over¬ 
heated,  they  tend  to  char.  The  chemical  change 
consists  of  cross  linkages  between  resin  mole¬ 
cules  that  from  three-dimensional  polymer  net¬ 
works.  Thermosetting  adhesives  are  the  strong¬ 
est  class  of  adhesives  and  the  only  ones  worthy  of 
consideration  for  high-temperature  applications. 
The  following  types  of  thermosetting  adhesives 
are  known  to  have  been  used  for  bonding  titanium 
alloys: 

Adhesive  Type 
Epoxy 

Alloyed  epoxy 
Epoxy-  silicone 
Epoxy- phenolic 
Epoxy-polysulfide 
Epoxy-polyimide 
Epoxy- nylon 
Modified  phenolic 
Nitrile-phenolic 
Vinyl-phenolic 
Polyester 
Polyurethane 

4-4.  2.  1  Physical  Forma 

Metal-bonding  adhesives  are  most  commonly 
used  as  liquids,  films,  or  tapes.  Some  of  the 
thicker  liquid  types  are  thixotropic*,  which  is  an 
aid  in  maintaining  proper  positioning  of  adhe rends 
following  adhesive  application  but  prior  to  curing. 
Adhesive  films  and  tapes  offer  easy  control  of 
bond-line  thickness  and  convenience  of  handling. 
The  particular  form  of  adhesive  used  for  a  specif¬ 
ic  application  will  depend  on  the  joint  area  to  be 
bonded,  the  production  volume,  the  types  of  equip¬ 
ment  on  hand,  and  the  forms  in  which  the  selected 
adhesive  is  available. 


♦Thixotropic  materials  are  viscous  if  allowed  to 
stand  undisturbed,  hut  temporarily  decrease  in 
viscosity  after  they  are  stirred  or  otherwise  ag¬ 
itated,  On  standing,  they  revert  to  their  former 
gelled  state.  ^ 


4-4.  2.  2  Working  and  Storage  Requirements 

A  decision  to  be  made  in  adhesive  selection, 
if  an  epoxy  is  chosen,  is  whether  to  use  a  one-  or 
two-part  adhesive.  A  two-part  epoxy  adhesive  con¬ 
sists  of  resin  and  the  curing  agent.  Until  they 
are  mixed,  the  two  parts  can  be  stored  almost  in¬ 
definitely  at  room  temperature.  Once  mixed, 
however,  the  working  time  is  only  minutes  or 
hours,  depending  on  the  ratio  of  the  parts  and  the 
specific  curing  agent  used.  If  these  adhesives  are 
not  applied  during  the  working  time,  they  will  have 
cured  to  the  point  that  they  are  too  stiff  to  apply. 
They  do  have  the  advantage  of  curing  at  room  tem¬ 
perature,  which  eliminates  the  need  for  special 
curing  equipment.  However,  unless  they  are  post- 
cured  at  elevated  temperatures,  their  properties 
are  inferior  to  those  of  heat-cured  epoxies.  (1) 

One- part  epoxies  and  phenolics  are  com¬ 
pounded  mixtures  of  resin  and  curing  agent  and 
have  a  limited  shelf  life.  They  must  be  cured  at 
elevated  temperatures.  The  usual  shelf  life  of 
commercially  available  adhesives  of  this  type 
ranges  from  6  months  to  a  year  at  room  tempera¬ 
ture.  This  can  be  extended  by  storing  in  a  freezer 
or  refrigerator. 

Folyimide-based  adhesives,  which  are  very 
promising  for  high-temperature  titanium  use  as 
*  discussed  later,  have  a  particular  handling  re¬ 
quirement.  In  the  uncured  state,  this  adhesive  is 
very  sensitive  to  humidity  and  should  not  be  ex¬ 
posed  to  relative  humidity  in  excess  of  30  per¬ 
cent.  ^ 

4-4.  2.  3  Service  Conditions 

No  single  adhesive  is  available  that  is  superi¬ 
or  for  all  service  conditions.  A  user,  therefore, 
makes  a  selection  among  possible  adhesives  on 
the  basis  of  known  or  anticipated  service  condi¬ 
tions  for  the  application. 

4-4.  2,  3.  1  High  Temperature 

As  shown  in  Figure  4-4.  2.  3.  1-1,  adhesive 
strength  decreases  with  temperature.  Although  it 
is  difficult  to  place  precise  upper  limits,  phenolic 
and  epoxy  adhesives  appear  to  be  limited  to  tem¬ 
peratures  in  the  vicinity  of  350  F  for  continuous 
service  with  titanium.  However,  they  can  with¬ 
stand  temperatures  up  to  500  F  for  short  times. 
Recent  reviews  dealing  with  high-temperature  ad¬ 
hesives  do  not  refer  to  titanium,  but  it  is  believed 
that  all  available  titanium  alloys  can  be  bonded 
with  any  of  the  adhesives  discussed.  However,  a 
particular  adhesive  gives  different  tensile- shear- 
strength  values  when  used  to  bond  different  materi¬ 
als,  as  illustrated  in  Figure  4-4.  2.  3.  1-2.  Conse¬ 
quently,  it  is  not  safe  to  assume,  without  testing, 
that  titanium  bonds  will  have  the  same  strength 
values  as  stainless  steel  bonds. 
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FIGURE  4-4.  2.  3.  1- 1.  TEMPERATURE  DE¬ 
PENDENCE  OF  SHORT-TIME  TENSILE- 
SHEAR  STRENGTHS  OF  VARIOUS 
CLASSES  OF  ADHESIVES(29) 


FIGURE  4-4.  2,  3.  1-2.  TENSILE-SHEAR 

STRENGTH  VERSUS  TEMPERATURE 
FOR  AN  EPOXY- PHENOLIC  ADHE- 
SIVE(3°) 


surface-preparation  process  for  titanium  that  has 
now  increased  the  useful  life  of  an  adhesive  to  3000 
hours.  The  process  is  based  on  the  principle  of 
creating  an  oxygen-diffusion  barrier  at  the  adherend- 
adhesive  interface. 

Two  new  metal-bonding  adhesives  now  on  the 
market  offer  promite  for  use  with  titanium  in  the 
SST  program.  These  are  the  polybensimidazoles 
(PBI)  and  the  polyimides  (PI).  The  former  appear 
useful  for  long-time  service  above  350  F  and  for 
short  times  above  500  F.  The  short-time  tensile- 
shear  strengths  of  these  two  adhesives  can  be 
seen  in  Figure  4-4.  2.  3.  1-1.  (29)  However,  polyi¬ 
mides  have  recently  been  developed  that  exceed 
these  strength  figures.  These  adhesives  exhibit 
room-temperature  lap-shear  strengths  of  approxi¬ 
mately  3400  psi  on  titanium  and  strengths  of 
approximately  2000  psi  at  500  F,  even  after  sev¬ 
eral  thousand  hours.  These  adhesives  generally 
contain  an  arsenic-based  antioxidant  that  degrades 
rapidly  at  600  F,  (2) 

There  are  several  references  in  the  Russian 
literature  to  high-temperature  strengths  of  adhesive- 
bonded  titanium  joints.  Among  the  more  promis¬ 
ing  of  these  reports,  Reference  (32)  cites  tensile- 
shear  strengths  of  600  psi  at  rocm  temperature 
and  500  psi  at  798  F  using  VK-2  organosilicon  ad¬ 
hesives.  Other  workers*^)  report  higher  strengths 
for  the  same  adhesive  at  like  temperatures  --  950 
and  670  psi,  respectively.  These  investigators 
also  report  tensile-shear  strengths  of  1320  psi  at 
room  temperature  and  570  psi  at  798  F  using  VK-6 
modified  orgrnosilicon  adhesive.  In  other  work,^^^ 
bonded  titanium  adherends  with  a  nitrile-phenolic 
adhesive  blend  reportedly  showed  tensile- shear 
strengths  between  2850  and  3270  psi  at  room  tem¬ 
perature  and  between  995  and  1565  psi  at  392  F. 


For  some  temperature  ranges  and  curing 
conditions,  bond  strength  at  higher  temperatures 
may  increase  for  a  while.  However,  the  general 
trend  is  toward  progressive  loss  of  strength  with 
time,  the  loss  occurring  at  increasing  rate  with 
increasing  temperature.  (29)  Figu 

re  4-4.  2,  3,  1-3 

shows  losses  in  bond  strength  for  three  nitrile- 
phenolic  adhesives  used  to  bond  adherends  of 
Ti-SAl-l.  25Fe-2.  75Cr  alloy.  W  Strength  loss 
following  100  hours'  exposure  at  500  F  was  about 
50  percent.  When  exposed  at  600  F,  loss  of 
strength  for  these  and  other  adhesives  was  very 
rapid. 

Oxidation  by  atmospheric  oxygen  is  the 
major  factor  causing  degradation  of  organic  ad- 
hesivee  at  high  temperatures.  (*)  In  titanium, 
oxygen  is  highly  soluble,  the  rate  of  oxygen  trans¬ 
port  at  elevated  temperatures  is  high,  and  adhe¬ 
sive  degradation  is  thus  accslerated.  In  certain 
or  iriments,  for  example,  Boeing  found  that  ad¬ 
hesive  systems  which  had  lasted  for  7000  to  8000 
hours  with  aluminum  lasted  only  500  hours  witn 
titanium.  (’ ^  Boeing  has  developed  a  proprietary 


4-4.  2.  3,  2  Radiation 

Although  there  are  several  varietiss  of  radi¬ 
ation,  most  organic  materials  are  affected  in  much 
the  pame  way  by  all  varieties.  Organic  materials 
as  a  class  are  more  radiation  sensitive  than  metals 
and  ceramics.  The  damage  mechanism  in  these 
organic  materials  consists  of  the  transfer  of  large 
amounts  of  energy  to  electrons  within  the  material 
by  their  interaction  with  the  incident  radiation. 
Radiation  damage  to  an  adhesive  shows  up  fire:  as 
a  loss  of  peel  strength.  U) 

Radiation  effects  should  be  relatively  indc-  ' 
pendent  of  the  adherend  material,  except  whore  the 
adherend  itself  becomes  radioactive.  In  fact,  the 
adherends  offer  a  degree  of  protection  against 
soft  radiation.  So,  although  the  studies  found  on 
effects  of  radiation  on  adhesives  do  not  concern 
titanium  adherends,  the  conclusions  should  be 
applicable  to  titanium. 

Typical  behavior  of  the  tensile-shear  strength 
of  several  adhesives  bonded  to  aluminum  adherends 
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Exposure  Condition  None  IOC  hr  of  500  F  1/2  hr  at  500  F  ICO  hr  at  500  F 

Test  Temperature  RT  RT  500  F  500  F 

FIGURE  4-4.  2.  3.  1-3.  EFFECTS  OF  TEMPERATURE  AND  TIME  OF  EXPOSURE  IN  AIR  ON 
TENSILE-SHEAR  STRENGTHS  OF  ADHESIVE  JOINTS  USING  TITANIUM  ADHERENDS 
AND  THREE  NITRILE- PHENOLIC  ADHESIVES^) 


with  increasing  amounts  of  gamma  radiation  are 
shown  in  Figure  4-4.  2.  3.  2-1.  These  specimens 
were  tested  at  room  temperature.  Most  of  the 
adhesives  showed  continued  loss  of  strength  as 
radiation  increased.  For  specimens  tested  at  ele¬ 
vated  temperatures  following  irradiation,  the  or¬ 
der  of  ranking  of  the  adhesive  strengths  is  some¬ 
what  different.  (34) 

As  shown  in  Table  4-4.  2.  3.  2-1,  thick  glue 
lines  are  less  susceptible  to  damage  iron,  gamma 
radiation  as  measured  by  tee-peel  strength.  (35) 

In  this  work,  aluminum  and  stainless  steel  adher- 
ends  v/ere  bonded  with  a  nitrile- phenolic  adhesive. 
In  addition,  a  severe  loss  of  peel  strength  follow¬ 
ing  irradiation  was  also  found  for  honeycomb 
panels  made  with  composite  film  adhesives.  In 
these  structures,  a  glass-cloth  carrier  was  coated, 
on  the  face  sheet  side,  with  a  flexible  adhesive  for 
peel  strength  and,  on  the  core  side,  with  a  more 
rigid  adhesive  that  had  better  filleting  characteris¬ 
tics.  Adhesion  failure  occurred  on  the  core  side. 

The  new  heterocyclic  adhesives,  such  as  the 
polybenzimidazoles,  should  be  less  radiation  sens¬ 
itive  than  types  heretofore  available.  Adhesives  ’ 
are  not  presently  available  that  can  withstand  the 
intense  radiation  found  in  the  immediate  vicinity 
of  nuclear  reactors,  however. 

4-4.  3  ASSEMBLY  CONDITIONS 

Actual  assembly  of  an  adhesive-bonded  joint 
involves  applying  the  adhesive,  positioning  and 
holding  the  adherends  in  the  desired  relationship 
and  curing. 


4-4.  3.  1 


The  method  of  application  depends  on  the 
form  of  the  adhesive  and  the  production  rates  de¬ 
sired.  Thick  liquid  adhesives  can  be  applied  by 
roller  coating,  brushing,  troweling,  or  dip  coating. 
Thinner  liquids  can  be  sprayed,  flow  coated,  or 
brushed  on.  If  tne  adherend  is  laid  out  on  a  heated 
table,  tapes  and  films  can  be  applied  by  hand.  If 
the  table  is  not  heated,  a  tacking  iron  is  used  in 
spots  to  cause  enough  adhesion  to  hold  the  adhesive 
in  place.  Adhesives  in  powder  or  stick  forms  do 
not  appear  to  bt  widely  used  in  this  country  for 
metal-to-metal  adhesive  bonding.  (1) 


-4.  3.  2  Tooling  and  Fixturing 


damping  the  adherends  in  proper  position 
is  most  often  necessary  when  bonding  with  adhe¬ 
sives,  such  as  poiyimides,  that  release  water, 
solvents,  or  other  volatile  substances  during 
curing.  It  may  be  necessary  to  apply  pressures 
up  to  several  hundred  psi  in  these  cases.  Such 
curing  pressures  are  not  generally  necessary  with 
adhesives  such  as  epoxies,  classified  as  "100 
percent  solid".  The  exception  in  this  case  is 
critical  work  that  may  require  clamping  for  con¬ 
trol  of  glue-line  thickness  and  alignment.  There 
are  several  methods  of  applying  pressure,  and  the 
one  chosen  will  depend  on  the  size  and  shape  of 
the  part,  the  amount  of  pressure  to  be  applied, 
and  the  quantity  of  parts  to  be  produced.  The 
simplest  method  is  to  design  celf- clamping  ad¬ 
herends.  Another  method  is  to  combine  adhesive 
bonding  with  another  fastening  method  such  as 
riveting.  For  parts  with  simple  shapes,  dead¬ 
weight  loading  can  be  used.  (*) 
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FIGURE  4-4.  2.  3.  2-  1.  TENSILE-SHEAR  STRENGTH  VERSUS  RADIATION  DOSAGE<34) 


Specimens  tested  at  room  temperature. 


TABLE  4-4.  2.  3.  2-  1.  EFFECT  OF  GLUE- LINE 
THICKNESS  ON  TEE- PEEL  STRENGTH 
OF  A  NITRILE- PHENOLIC  ADHESIVE 
WITH  RADIATION  EXPOSURES^5) 


Glue-  Line 

Thickness ,  Tee- Peel  Strength  at  Indicated 


mils 

Dosagi 

e,  in. 

-lb  /in. 

Radiation 

Dotage, 

meg^rads: 

None 

100 

300 

600 

900 

1.2 

10 

7 

5 

3.  5 

2.5 

3.7 

14 

7 

4 

2.5 

10.0 

30 

20 

9 

3.7 

3.5 

16.  1 

19 

14 

6 

4.5 

3.5 

Several  methods  of  clamping  that  require 
special  tooling  are  ihcwn  in  Figure  4-4.  3.  2-1.  (15) 
The  vacuum-bag  technique,  shown  in  Figure 
4-4.  3.  2- 1(a),  can  be  used  with  parts  have  more 
complex  shapes,  but  is  limited  to  pressures  below 
14  psi.  The  pressure-shell  method  shovm  in 


mmm 


Figure  4-4.  3.  2- 1(b),  can  be  used  when  higher 
pressures  are  needed.  The  pressure  with  this 
method  is  limited  only  by  the  mechanical  design 
of  the  confining  parts.  The  method  can  also  be 
used  with  oven  curing,  as  shown  with  the  vacuum- 
bag  method.  Likewise,  the  vacuum-bag  method 
can  be  used  with  a  heated  mold. 

A  more  elaborate  method  is  shown  in 
Figure  4-4.  3.  2- 1(c)  —  the  autoclave  method.  In 
this  method,  the  part  is  sealed  into  a  flexible 
blanket  assembly,  vented  to  atmosphere,  that 
applies  a  differential  pressure.  It  uses  a  hot 
inert-gas  atmosphere  under  forced  circulation. 
This  type  of  mold  is  used  when  it  is  not  necessary 
to  maintain  the  maximum  degree  of  smoothness  on 
one  side  of  the  bonded  assembly.  However,  when 
the  exterior  surface  must  meet  stringent  aero¬ 
dynamic  requirements,  as  with  an  aircraft  skin, 
a  rigid  mold  must  be  used  for  the  exterior,  and 
all  tolerance  mismatches  must  be  taken  up  on  the 
interior  side  of  the  panel.  In  some  cases,  both 
surfaces  of  a  bonded  assembly  must  meet  smooth¬ 
ness  and  shape  requirements,  and  tolerances  must 
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be  held  very  closely.  In  these  cases,  heated 
presses,  as  shown  In  Figure  4-4.  3.  2-  1(d),  are 
used. 

4-4.  3.  3  Curing 

In  general,  the  curing  conditions  recom¬ 
mended  by  the  adhesive  manufacturer  will  result 
in  bonds  of  optimum  quality  for  a  given  applica¬ 
tion.  However,  when  maximum  properties  are 
important,  development  work  by  the  user  may 
result  in  better  quality  through  more  complex 
curing  cycles. 

When  room-temperature-curing  adhesives 
are  used,  care  should  be  taken  that  the  working 
life  has  not  been  exceeded  before  use.  It  is  also 
important  to  keep  the  volume  of  adhesive  small. 
Considerable  heat  is  often  generated  during  cur¬ 
ing,  These  adhesives  do  not  usually  have 
strength  properties  as  pood  as  adhesives  cured 
at  elevated  temperatures.  However,  their 
strength  can  be  improved  by  postcure  heat  treat¬ 
ment. 


Curing  can  sometimes  be  accomplished  as 
part  of  another  operation,  such  as  during  the  baking 
of  a  painted  or  enameled  part  or  in  a  dehydration 
oven.  Thera  are  also  several  novel  means  of  cur¬ 
ing.  Smith  and  Susman(3&)  reported  slight  increase 
over  room-temperature- cured  strengths  through 
application  of  a  700-volt  alternating  potantial 
across  an  epoxy-polyi  mide  metal-to-metal  bond. 
North  American  Aviation*^  has  developed  a  film 
adhesive  containing  an  array  of  fine  high-resistance 
wires.  Current  is  passed  through  the  wires  for  a 
sufficient  time  to  accomplish  the  cure.  Another 
novel  approach  is  the  use  of  an  exothermic  adhesive 
reaction  mixture.  *38) 

Cleaning  of  the  cured  joint  is  not  usually 
necessary.  Any  adhesive  extruded  from  the  bond 
line  can  be  removed  by  scraping  or  single-point 
machining  if  necessary. 
r 

4-4.4  HYBRID  JOINING  METHODS 

An  interesting  development  that  deserves 
incroased  attention  is  the  use  of  adhesive  bonding 
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combined  with  other  joining  methods.  The  Soviets 
have  done  considerable  work  on  the  combined  use 
of  adhesive  bonding  and  spot  welding.  They  have 
shown  that  the  combined  method  increases  fatigue 
strength  over  the  fatigue  strengths  of  joints  made 
by  either  technique  singly.  (39)  However,  there  is 
some  difficulty  in  spot  welding  reproducibiy  through 
the  adhesive, an{j  ^j,e  alternative  of  spot 
welding  first  and  introducing  the  adhesive  by  a 
syringe-like  dispensing  tool  is  slow  and  variable. 


The  U30  of  adhesive  bonding  and  riveting  is 
a  more  practical  technique  at  present  and  is  being 
used  in  applications  with  metals  other  than  titani¬ 
um. 
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r> .  0  INTRODUCTION 

There  are  many  means  available  to  mechani- 
<  illy  fasten  joints.  These  include  sh.-ink- fitted 
parts,  turbine-blade  "fir  trees",  keys,  spring 
retainers,  screws,  rivets,  and  bolts.  The  type 
oc  fastener  used  is  usually  determined  by  the  ex¬ 
pected  loads  and  the  type  of  loading  the  joint  will 
meet  in  service.  However,  most  of  the  design 
and  production  ccn  siderations  necessary  for 
mechanically  fastening  titanium  and  its  alloys  with 
bolts  or  rivets  are  applicable  to  joints  using  less 
common,  specialized  fasteners.  Therefore,  the 
discussion  in  this  section  is  limited  primarily  to 
bolts  and  rivets.  It  should  also  be  noted  that  al¬ 
though  most  mechanical  fastening  experience  has 
been  .acquired  with  materials  other  than  titanium, 
moat  of  the  techniques  applicable  to  these  materials 
also  apply  to  titanium. 

Mechanically  fastening  titanium  joints  offers 
several  advantages  over  other  joining  methods.  H) 

These  are: 

(1)  Methods  of  design  and  fabrication  are 
well  established 

(2)  Joints  can  be  disassembled  nondestruc¬ 
tive^ 

(3)  The  overall  soundness  of  joints  can  be 
inspected  visually 

(4)  Dissimilar  metals  can  be  easily  joined 

(5)  There  is  less  thermal  damage  to  struc¬ 
tures 

(Cl  Equipment  requirements  are  less  expen¬ 
sive 

(7)  Lens  surface  cleaning  is  required 

(8)  Less  elaborate  tooling  is  needed  for  as¬ 
sembly. 

On  the  other  hand,  mechanically  fastened 
joints  present  certain  limitations  compared  to 
other  joining  methods,  including:^ 

(1)  Stress  concentration 

(2)  Residual  stresses 

(3)  Electrical  conductivity 

(4)  Weight 

(5)  Gaskets  required  for  seals 

(6)  Thickness  limitations 


(7)  Irregular  outside  surfaces,  at  times 

(8)  Galling  tendency 

Mechanically  fastened  joints  differ  from 
each  other  in  joint  design  and  m  the  type  of  fastener 
and  means  of  assembly.  Aspects  of  these  differ¬ 
ences  are  discussed  in  subsequent  parts  of  this 
Section.  Certain  factors  that  apply  to  any  mechani¬ 
cally  fastened  joint  arc  discussed  in  the  following 
paragraphs. 

4-5.  0.  1  Galvanic  Corrosion 


As  pointed  out  in  Section  1-0.  5.  r.  3,  physical 
contact  between  titanium  and  some  die  simila  r 
metals  can  lead  to  galvanic  corrosion.  While  gal¬ 
vanic  effects  are  not  likely  to  occur  when  titanium 
is  contacting  Monel  and  stainless  steels,  less  noble 
metals  such  as  aluminum  alloys,  carbcn  steels,  and 
magnesium  alleys  may  suffer  accelerated  attack 
when  coupled  with  titanium.  Accordingly,  it  is 
recommended  that  a  material  be  tested  under 
simulated- service  conditions  whenever  its  cor¬ 
rosion  resistance  is  of  importance  and  available 
information  is  limited.  This  may  indicate  negligible 
corrosion  and  eliminate  the  need  to  take  preventive 
steps. 

One  means  of  avoiding  or  reducing  corrosion 
in  mechanical  joints  is  coating  of  the  parts  with  a 
paint  or  plastic.  Zinc-chroma’ e  primers  have  been 
used  orr  dissimilar  joints  composed  of  titanium  and 
aluminum  with  good  results.  Galvanic  corrosion 
of  dissimilar  metals  can  also  ’:e  prevented  by  com¬ 
plete  insulation.  The  use  of  cadmium-  or  silver- 
plated  fasteners  should  be  avoided  in  elevated  tem¬ 
perature  application  as  these  fasteners  can  lead  to 
a  form  of  stress-corrosion  cracking. 

4-5.  0.2  Salt  Cor  TPsion 

As  is  discussed  in  Sectio;.  1-0.  5,  hot  salt 
stress  corrosion  is  more  severe  the  higher  the 
stresses  and  exposure  temperature.  Rivets  and 
certain  specialized  fasteners  are  characterized 
by  the  requirement  of  one  or  more  components  to 
be  capable  of  large  plastic  deformation  Asa  con¬ 
sequence  of  this  deformation,  high  localized  re¬ 
sidual  stresses  will  be  present  in  addition  to  ser¬ 
vice  loading.  Thus,  the  potersti  1  exists  in  cer¬ 
tain  types  of  fasteners  for  hoi  r.  .It  stress  corrosion 
cracking.  Figure  4-5.  0.2.  1  shows  some  limited 
data  obtained  on  rivets  and  bolts  of  different  titan¬ 
ium  alloys.  In  this  figure,  all  curves  represent 
the  minimum  values  for  given  conditions.  The 
data  on  bolts  of  Ti-6A1-4V  alloy  show  a  reduction 
in  tensile  strength  of  about  9  percent  in  1C00  hours 
of  hot  salt  exposure  at500  F.  1  comparable  ex¬ 
posure  period  without  salt  resuc  ed  in  about  a  4 
percent  reduction.  On  the  other  hand,  the 
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Ti-7Al-12Zr  al’oy  '  ved  an  increase  in  strength 
in  the  hot  salt  en*  i.  ment  as  well  as  a  comparable 
increase  in  s'.-ength  with  the  same  elevated  temper¬ 
ature  exposure  without  salt. 

Examination  of  the  information  or.  rivets, 
some  of  which  is  not  shown  in  the  figure,  shows 
for  three  titanium  alloys  an  overall  reduction  in 
strength,  sometime  during  the  1000  hour  period 
of  unstressed  hot  salt  exposure.  Reductions  of 
5  percent,  36  percent,  and  13  percent  for  Ti-75A, 
Ti-13V-llCr- 3A1,  and  T.-4A1-4MO-4V  were  ob¬ 
served,  respectively.  As  with  the  bolts,  the  re¬ 
ductions  partly  were  a  consequence  of  the  exposure 
at  500  F. 


4-5.0.  3  Stress  Concentration 

The  load  across  a  mechanically  fastened  joint 
is  concentrate  at  each  mechanical  faotener.  Joint 
strength  is  also  reduced  by  the  removal  of  metal 
tor  holes  or  fastener  bearing  surfaces.  T>his  stress 
concentration  has  already  been  mentioned  as  one  of 
the  limitations  of  mechanical  fastening. 

At  Boeing,  a  factor  called  "net  area  efficiency" 
is  used  to  account  for  both  holeout  and  stress  concen¬ 
trations  in  the  sheet  Tnis  is  the  ratio,  determined 
by  test,  of  the  strength  of  drilled  sheet  and/or  sheet 
tension  critical  joints  to  the  strength  of  undrilled 
specimens  cut  from  the  same  sheet.  (5) 


FIGURE  4-5.  0.  2-1  EFF’TCT  OF  EXPOSURE  AT 
500  F  ON  TENSILE  STRENGTH  OF  TWO 
TYPES  OF  FASTENERS 

Another  way  of  looking  at  test  results  is  to 
record  under  the  test  conditions  when  cracking  of 
the  sheet  or  fastener  occurs.  A  series  of  tests  not 
yei  completed,  including  spot  welds  and  fusion  welds 
in  addition  to  mechanical  fasteners,  can  illustrate 
the  care  that  must  be  exercised  in  selecting  joir- 
ing  methods  if  this  problem  in  the  actuol  airplane 
environment  is  real.  The  results  of  tests  on  a 
series  of  specimens  made  from  various  titanium 
alloys  are  summarized  in  Table  4-5.  0.2-1.  In 
this  table,  it  can  be  seen  that  countersunk  rivets 
in  Ti-8A1- IMo- IV  sheet  become  cracked  in  less 
than  400  hours,  whereas  the  basic  material  of  spot 
welded  and  fusion  welded  joints  is  uncracked  after 
almost  2000  hours.  The  data  on  Ti-5Al-2.  5Sn  are 
quite  pre.-nature  to  show  possible  problems  except 
for  rivets,  where  cracking  appears  at  96  hours' 
exposure.  With  either  heat  treatment  of  Ti-13' 
11V-3A1.  early  cracking  of  spot  velds,  fusion  welds. 
„nd  mechanical  fasteners  occur  red,  even  though 
tests  oc  the  basic  material  «e.e  continamg  after 
1464  hours 


4-5.0.  4  Residual  Stresses 


Another  limitation  is  ti.e  residual  stresses 
inherent  to  a  mechanically  fastened  joir*.  These 
can  be  created  in  the  permanent  deformation  of 
fasteners  or  of  the  joint  under  the  fasteners. 
Machining  may  also  leave  high,  localized  residual 
stresses.  Operations  such  as  dimpling  or  joggling 
create  high  residual  stresses  unless  the  parts  are 
heat  treated  after  assembly. 


4-5.  0.5  Seals 


Mechanically  fastened  joints  are  net  in¬ 
herently  leak-proof  and  generally  require  a 
gasket- either  an  organic  coating  or  an  elastomer. 
Tne  elastomer  seals  are  available  with  moderate 
service  life  at  moderately  elevated  temperatures. 
The  upper  temperature  limits  of  the  better  sealing 
materials  are  just  below  the  temperature  range 
v  here  use  of  titanium  becomes  most  attractive. '  ' 


The  fatigue  life  cf  a  joint  will  decrease  where 
gaskets  of  lower  modulus  of  elasticity  than  the  two 
structural  parts  are  used.  ^  Th-'  stiffness  of  the 
joint  is  also  decreased  with  the  uce  of  a  gasket. 
Where  gaskets  are  used  with  thin  pla*e,  bolt  ore- 
load  must  be  carefully  selected.  Either  under¬ 
loading  or  overloading  will  allow  leakage,  the 
latter  due  to  buckling  of  the  gasket. 

4-  5.  0.  6  G ailing 

Where  titanium  surfaces  slide  across  one 
another,  galling  or  "celd  welding"  results.  This 
is  due  to  the  high  coefficient  of  sliding  friction,  the 
low  thermal  conductivity,  and  the  high  reactivity 
of  titanium.  Thus,  a  lubricant  should  always  be 
used  with  titanium  surfacsr  in  sliding  applications. 
Sulfides  of  tungsten  or  molybdenum  have  been  used 
successfully  to  prevent  galling.  Because  of  the 
galling  between  threaded  fasteners  and  nuts  when 
both  are  of  titanium,  steel  and  aluminum  nuts  are 
generally  used,  with  titanium  bolts.  However,  it 
>.a  understood  that  materials  are  new  availabe  for 
uae  on  threads  that  allow  bolts  and  amt  to  be  re¬ 
moved  and  reinstalled  without  exceptive  galling 
<*rea  repealed  erasure  to  elevat'd  tempera¬ 

ture 
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TABLE  4-5.  0.  2-  1.  EFFECT  OF  HOT  SALT  CORROSION  ENVIRONMENT  ON  CRACKING  OF  VARIOUS 
TYPES  OF  SPECIMENS 


Coupon  Type 


Exposure  Time,  hours  for  firat  cracking,  and  Type  of  Crack 

Annealed 

Ti-8A1- IMo- 1  Ti-5Al-2.  5Sn  Ti-5Al-2.5Sn  Ti- 13Cr- 1 1V-3A1  Ti-13 

at  500  F  at  500  F  at  650  F  at  500  F  at 


Ti-  13Cr- 1 1V-3A1 
at  500  F 


Plain  tension  1968,  test  192,  test  192,  test  1464,  test  1464,  test 

continuing  continuing  continuing  continuing  continuing 

Spotwelding,  Ditto  Ditto  Ditto  96  scab  cracks  96,  scab  cracks 

bending 

Countersunk  384,  rivet  96^,  test  96,  test  96,  scab  and  96,  rivet  cracks 

rivet  cracks  continuing  continuing  rivet  cracks 

Dimpled  rivet,  192,  rivet  cracks  96,  one  speci-  Ditto  384,  scab  and  384,  rivet  cracks 

bending  men  with  rivet  rivet  cracks 

crack 

NAS  screw,  --  96,  test  "  576,  scab  cracks  960,  scab  cracks 

bending  continuing 

Fusion  welding,  1968,  test  192,  test  "  96,  weld  cracks  96,  weld  cracks 

bending  continuing  continuing 


(a)  Rivets  with  no  load  had  cracks  at  96  hours. 


4-5.0. 7  Inspection 


The  overall  soundness  of  a  mechanically 
fastened  joint  can  be  inspected  readily  by  simple 
visual  examination.  However,  the  careful  inspec¬ 
tion  of  machined  parts  prior  to  assembly  is  also 
essential.  The  use  of  a  dye-penetrant  inspection 
at  intermediate  stages  of  fabrication  is  highly  re¬ 
commended  *.o  prevent  the  subsequent  processing 
of  a  defective,  cracked  product.  Preloaded  bolts 
can  be  checked  at  random  to  determine  whether 
the  product  has  been  properly  assembled.  For 
certain  parts,  additional  fatigue,  bending,  or  ten¬ 
sile  tests  may  be  required.^ 


4- 5.  0.8  Specifications 


Specifications  applying  to  titanium  fasteners 
are  listed  in  Table  4-5.  0.  8-  1.  In  addition  to  these, 
and  of  particular  importance,  is  the  Society  of 
Automotive  Engineers  Aeronautical  Materials 
Specification  AMS-7469,  issued  in  I960.  This  is 
intended  for  bolts  for  use  at  temperatures  up  to 
750  F.  The  specification  details  the  acceptable 
dimensional  tolerances  and  metallurgical  proper¬ 
ties,  and  specifies  the  flow-line  appearance. 


4-5.  1  JOINT  DESIGN 

Numero'i*  handbooks  are  available  that  cover 
standard  practices  fer  the  design  of  bolted  and  ri¬ 
veted  joints.  There  are  many  fasteners  commer¬ 
cially  available,  either  made  of  titanium  or  suit¬ 
able  for  ure  with  titanium.  T1  ese  are  listed  in 
manufacturer's  cataiogs  atxJ  include  those  made 
of  pure  titanium,  several  titanium  alloy*.  A  236 
alloy,  and  monel.  A  detailed  handbook'  '  tabulates 
the  dimensions  of  commonly  used  fasteners.  The 
following  paragraphs  discuss  some  general  as¬ 
pects  of  mechanically  fastened  joint  desiuFJ  as  uiey 
apply  to  titanium  joints. 


One  classification  of  mechanically  fastened 
joints  considers  whether  the  fastener  is  loaded  in 
tension  or  shear.  In  a  well-designed  joint,  all 
joint  members  are  in  balance,  and  failure  may 
occur  in  the  joint  members  or  fastener.  The 
strength  cf  mechanical  joints  is  in  part  related  to 
the  strength  of  the  individual  fasteners.  For  this 
reason,  it  is  necessary  to  know  the  strength  of 
the  various  types  of  fasteners.  In  certain  kinds  of 
joints,  wher»  fasteners  are  predominantly  loaded 
in  shear,  joint  failure  may  occur  by  shearing  of 
the  fastener  or  by  bearing  or  tearing  of  the  sheet 
or  plate.  However,  in  practice  there  is  a  strong 
tendency  to  avoid  shear  critical  joints  in  sheet 
metal.  This  is  due  primarily  to  a  desire  to 
avoid  "zipper"  failure  of  long  joints.  This  tjpe  of 
failure  occurs  in  long  joints  due  to  uneven  loading 
and  a  resultant  progressive  shear  failure  of  one 
fastener  at  a  time.  This  can  be  prevented  by  using 
bolt',  at  each  ond  of  a  long  run  of  rivets.  In  joints 
or  fittings  where  the  fastener  is  subjected  primarily 
to  tensile  forces,  joint  failure  may  be  a  tensile  or 
fatigue  failure  of  the  fastener  or  may  be  a  failure 
of  the  fitting.  Thus,  fastener  sizes  and  spacing 
should  be  chosen  with  consideration  for  the  thick¬ 
ness  aid  properties  of  the  materials  being  joined 
anc  for  the  expected  loading.  Several  basic  equa¬ 
tions  can  be  used  in  choos.ng  faste.*er  and  joint 
|7) 

designs.  ' 


Fastener  shear  load: 

P,  =  SgA-j, 


Fastener  load  in  tension. 

P,  =  S?A  , 
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TABLE  4-5.  0.  8-1.  STANDARDS  FOR  TITANIUM- 
ALLOY  FASTENERS^) 


Fastener 

Type 

Specification 

Threaded  Bolts 

Hex  Head,  Close 

Short 

Tolerance 

Thread 

NAS  503-568(2) 

Long 

Thread 

NAS  1261-1265 
NAS  1266-1270(2) 

NAS  673-678(2) 

100-Degree  Flat 
Head,  Close  lol- 

Short 

NAS  1266,1268 
NAS  663-667 

erance 

Thread 

NAS  1083-1088(2) 

Twelve  Point 

External 

NAS  663-668(2) 

Wrench- 

• 

ing 

NAS  1271-1200(2) 

Bolts  and  Screws 
(Ti-6A1-4V)  Heat 

Roll- 

Treated 

Threaded 

AMS  7460A 

Bolts  and  Screws 
(Ti-6A1-4V)  Up¬ 
set  Headed,  Heat 

Roll- 

Treated 

Threaded 

AMS-7461 

Lock-bolts 

Lock,  Shear, 
100-Degree  Head 

Pull  Type 

NAS  2506-2512(2) 

Stump  Type  NAS  2706-2712(2) 

Lock,  Tension, 
100-Degree 
(AN509)  Head 

Pull  Type 

NAS  2106-2110(2) 

Stump  Type 

NAS  2306-2310(2) 

Lock,  Tension, 
Protruding  Head 

Pull  Type 

NAS  2006-2010(2) 

Stump  Type  NAS  2206-22 10(2) 

Lock,  Shear, 
Protruding  Head 

Puli  Type 

NAS  2406-2412 

Stump  Type 

NAS  2606-2612 

Hi-Shear  Rivets 

100-Degree 

Interfer¬ 
ence  Fit 

NAS  1906-1916(2) 

Flat  Head, 
Interfer¬ 
ence  Fit 

NAS  1806-1816(2) 

General 

Fastener*,  Titan¬ 
ium  and  Titanium 

Base  Alloy#,  Be-  MS  33592 

sign  and  Usage  Limi¬ 
tations 


Bearing  failure  load:* 

pb  =  sbAb 
or 

Pb  =  SbtD  , 

Plate  tensile  strength:** 

Pu  =  SU(W  -  mD)t  , 

where 

A  =  Roc  diameter  area  of  threaded  section, 
in2. 

Ab  =  Area  in  bearing,  in2. 

Ar  =  Effective  cross-sectional  area,  in2. 

A(  =  Tensile  stress  area  of  a  threaded  area, 
in2. 

D  =  Nominal  diameter  of  fastener ,  in. 

m  =  Number  of  rivets  in  t-ans verse  row 

n  =  Number  of  shear  planes 

N  -  Number  of  shear  threads  per  inch 

Pb  =  Ultimate  bearing  strength  of  joint,  lb 

Ps  =  Fastener  shear  load,  lb 

Pt  =  Fastener  load  in  tension,  lb 

Pu  =  Tensile  failure  load,  lb 

Sb  =  Ultimate  bearing  strength  of  plate,  psi 

S8  _  Fastener  shear  stress,  psi 

St  »  Fastener  stress  in  tension,  psi 

Su  =  Ultimate  tensile  strength  of  plate,  psi 

W  =  Width  of  plate,  in. 

Because  shear  and  tension  allowables  are 
expressed  in  pounds  per  fastener  in  MIL-HDBK-5 
and  most  design  manuals,  fastener  shear  and  ten¬ 
sion  formulas  are  not  strictly  necessary.  At 
Boeing,  the  H-28  root  areas  (or  their  equivalent 
for  MIL-S-8879  threads)  ero  used.  ^  These  are 


Note:  The  procurement  specification  for  all  these 
farteners  is  NAS  621. 


Root  diameter  area: 

Ar  *  0.7854  (D-ii) 


♦  This  formula  is  not  applicable  to  countersunk 
members,  dimpled  members  or  any  members 
fastened  with  shear-head  fasteners  or  fasteners 
with  multiple  piece  shanks. 

**This  formula  can  be  revised  to  include  a  factor 
Nr,  the  net  area  efficiency  factor  discussed  in 
4-5.0.  3,  to  account  for  stress  ccncentration 
around  the  holes.  ^ 


Mmmmmmaa  -r- » - * - - 
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the  only  areas  thr,t  can  be  used  for  bolts  thct  will 
never  result  in  allowables  exceeding  the  specifi¬ 
cation  requirements  (See  M ILi-S-6812).  Therefore, 
root  areas  used  at  Boeing  are  somewhat  lower  than 
those  in  MIL-HDBK-5  or  those  the  formula  would 
provide. 

Rivets  are  generally  used  only  in  joints  load¬ 
ed  in  pure  shear  because  tensile  forces  tend  to  pry 
the  rivet  a*  /ay  from  joined  parts.  This  causes  ser¬ 
ious  loosening  and  consequent  fatigue  of  the  rivet. 
Threaded  fasteners  are  used  in  both  shear  and 
tension  loaded  joints. 

When  minimum  weight  is  desirable,  titanium 
fasteners  should  be  considered  for  shear  loading. 
Recent  strength  tests  give  an  indication  of  possible 
design  properties.^'  Typical  shear  strengths  of 
No.  10-1/4  inch  bolts  of  Ti-7Al-12Zr  ranged  from 
130  ksi  at  -400  F  to  50  ksi  at  800  F.  Similar  bolts 
of  Ti-6A1-4V  had  typical  shear  strengths  ranging 
from  155  ksi  at  -400  F  to  65  ksi  at  400  F.  Current¬ 
ly  available  Ti-6A1-4V  fasteners,  per  Table 
4-5.  0.8-1,  are  required  by  specification  to  develop 
a  95  ksi  minimum  shear  strength  at  room  tempera¬ 
ture. 

4-5.  1.2  Joint  Configurations 

A  number  of  basic  designs  for  joints  in  flat 


sheet  are  shown  in  Figure  4-5.  1.2-1. 


In  actual 


structures  more  complicated  extensions  of  these 
joints  would  be  used.  Mechanically  fastened  joints 
of  skin  surfaces  exposed  to  aerodynamic  heating 
are  made  with  one  side  flush.  These  joints  could 
be  joined  with  cither  rivets  o.  threaded  fasteners. 
Five  common  modes  of  failure  in  the  mechanically 
fastened  joint  are  illustrated  in  Figure  4-5.  1.  2-2. 

Less  common  modes  of  failure  involve  fail¬ 
ure  of  the  fastener  heads,  nuts  or  collars  and 
pulling  the  heads,  nuts  or  collars  through  the  sheet. 
These  modes  apply  to  the  shear-head,  flusn-head 
and  blind  fasteners  for  which  allowables  must  be 
determined  by  testing.  The  optimun  joint  strength 
may  be  attained  by  designing  the  joint  elements 
with  diameters,  thicknesses,  strengths  and  edge 
margins  to  provide  equal  strength  in  all  modes 
of  failure.  Any  single  mode,  and  certain  combin¬ 
ations,  may  be  avoided  by  selection  of  character¬ 
istics  to  make  the  joint  stronger  in  that  mode  or 
modes.  Edge  margins  are  usually  one  and  one- 
half  or  two  times  the  fastener  diameter,  but 
intermediate  margins  are  permissable.  In  designs 
for  impact  or  fatigue  loading,  sharp  transitions  and 
changes  of  section  should  be  avoided.  • 

The  fatigue  strength  of  a  threaded  fastener 
can  a’so  be  optimized  by  the  use  of  high  root  radius 
threads  per  MIL-S-8879,  a  rolled  head-to -shank 
fillet  radius,  and  rolled  threads.  Rolling  of  the 
radius  and  threads  after  heat  treatment  is  usually 
preferable. 


4-5.  1.  3  Tension  Fasteners 

Tension  fasteners  are  generally  threaded 
fasteners  and  are  best  used  where  cyclic  tensile 
stresses  act  upon  a  fastener.  Proper  selection 
of  the  fastener,  design  of  the  joint,  and  prelead 
of  the  fastener  will  eliminate  failur"  due  to  loosen¬ 
ing,  and  increase  the  fatigue  life  of  the  joint.  The 
highest  stress  on  a  fastener  with  the  possible  ex¬ 
ception  of  high  external  loads  occurs  during  tighten¬ 
ing  when  torque  is  applied  to  overcome  friction. 
Removal  of  the  tightening  torque  leaves  only  the 
preload.  By  torquing  above  the  yield  point,  the 
highest  prcloading  capability  is  consistently  at- 
taine.  .  But  this  practice  presents  two  limitations. 
First,  the  bolt  cannot  be  reused.  Second,  im¬ 
precise  control  of  the  tightening  torque  may  cause 
failure  in  materials  such  as  titanium,  where  the 
ultimate  tensile  strength  is  not  much  higher  than 
the  yield  strength.  When  bolts  are  used  -dth  a 
high  preload  ,  allowance  should  be  ms  *  or  ther¬ 
mal  expansion  forces  and  other  exterr^-i  load 
conditions.  Otherwise,  permanent  deformation 
of  the  bolt  and  a  decrease  in  preload  and  joint  life 
will  result. ' 

4-5.  1.4  Shear  Fasteners 

A  preload  joint  can  resist  shear  action  when 
the  clamping  force  across  the  joint  is  sufficient  to 
prevent  movement  between  the  two  parts.  Titanium 
can  he  effectively  clamped  with  smaller  bolt  loads 
thar  are  used  with  other  materials  because  of  its 
high  coefficient  of  surface  friction.  However,  in 
air  frames,  shear-type  fasteners  are  almost  al¬ 
ways  used  with  comparatively  low  torques  which 
do  not  develop  great  friction  forces  in  essentially 
metal-to-metal  contact  in  close-fitting  holes. 

Shear  joint  criteria  pertinent  to  the  various 
fasteners  are  based  upon  joint  test  data.  The  ul¬ 
timate  load  and  yield  load  criteria  are  as  follows 
for  the  various  fastener  categories: 

(1)  Rivets 

(a)  Ultimate  load  allowable  is  the  aver¬ 
age  test  ultimate  load  divided  by  1.  15: 
This  1.15  factor  is  not  applied  to  the 
shear  strength  cut  off. 

(b)  Yield  load  allowable  is  the  average 
test  load  at  which  the  following  per¬ 
manent  set  occurs  across  the  joint: 

(1)  0.  005-inch  up  to  and  including 
3/16-inch-diameter  rivets 

(2)  2.  5  percent  of  the  rivet  diameter 
for  all  larger  diameter  fasteners 
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FIGURE  4-5.  1.  2-1.  BASIC  DESIGNS  FOR  JOINTS  IN  FLAT  SKEET(1) 
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FIGURE  4-5.  1.  2-2  TYPES  OF  FAILURE  IN  5HEAR- 
LOADED,  SHANK- TYPE  JOfNTS<9> 


(2)  Threaded  fasteners 

(a)  Ultimate  load  -  as  stated  for  rivets 

(b)  Yield  load  -  as  stated  for  rivets,  ex¬ 
cept  that  the  permanent  set  is  as  fol¬ 
lows: 

(1)  0.  012-inch,  up  to  and  including 
0.  250-inch-diameter  fasteners 

(2)  4.  0  percent  of  the  fastener  diame¬ 
ter  for  all  larger  fasteners. 

Rivet  criteria  are  applied  to  all  expanding- 
shank,  hole-filling  fasteners.  The  threaded- 
fastener  criteria  are  applied  to  all  non- expanding, 
non-hole-filling  fasteners. 

4"5>1'5  High-Temperature  Design 

The  mechanical  properties  of  titanium  change 
with  temperature.  Figure  4-5.  1.  5-  I  is  a  graph 
of  short  time  tensile  strength  at  a  (unction  of  teat 
temperature  for  a  number  of  titanium  alloy  bolts. 
Plotted  here  is  tensile  strength  in  ksi,  based  upon 
the  tensile  stress  area.  On  the  basis  of  these 
curves  it  can  be  seen  that  up  to  600  F  (plus)  tem¬ 
perature  range,  the  all  beti  alloy  is  the  strongest. 
However ,  next  in  strength  is  Ti-7Al-12Zr,  which 
is  better  than  the  three  other  alloys  at  temperatures 
also  tn  excess  of  200  F. 
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FIGURE  4.-5.  1.  5-1  EFFECT  OF  TEMPERATURE 
ON  THE  TENSILE  STRENGTH  CF  TITANI¬ 
UM  BOLTS 


Figure  4-5.  1.  5-2  is  a  graph  of  room  temper¬ 
ature  tensile  strength  after  exposure  times  of  either 
10  hours  or  100  hours  at  the  indicated  temperatures. 
Also  shown  on  the  graph  is  the  room  temperature 
strength  of  a  fastener  of  Ti- lAl-8V-5Fe  alloy, 
which  currently  is  being  considered  only  as  a  room 
temperature  fastener. 


FIGURE  4-5.  1.5-2  EFFECT  OF  100-HOUR  EX¬ 
POSURE  AT  TEMPERATURE  ON  ROOM 
TEMPERATURE  STRENGTH  OF  TITANI¬ 
UM  FASTENERS 

From  this  figure,  it  can  be  seen  that  the  all 
beta  alloy  fasteners,  judged  the  best  on  the  pre¬ 
vious  figure,  show  a  considerable  amount  of  in¬ 
stability  in  the  400  F  to  600  F  range.  As  a  matter 


of  fact,  the  Ti-6A1-4V,  Ti-7Al-122r,  Ti-8A-lMo- 
IV,  and  Ti-5Al-2.  5Sn  alloys  appear  to  be  least 
affected  in  the  temperature  range  400-600  F.  All, 
however,  show  some  tendency  toward  instability 
for  times  as  short  as  100  hours.  It  should  be  noted 
that  these  are  insufficient  exposure  times  to  per¬ 
mit  determination  of  design  allowable  strength 
values  for  joints  and  fasteners. 

Table  4-5.  1.5-1  summariz*'  scattered  in¬ 
formation  available  on  axial  load  fatigue  of  tension 
fasteners  made  from  various  titanium  alloys. 
Fasteners  were  tested  at  R  =  0.  1  with  a  maximum 
stress  of  83  ksi,  or  were  tested  at  R  =  0.  25  with  a 
maximum  stress  of  77  ksi. 

From  the  table,  a  number  of  facts  emerge 
that  are  of  interest.  All  fasteners  when  exposed 
at  either  600  F  or  750  F  for  as  short  as  100  hours 
had  a  reduction  in  fatigue  life  The  best  alloy  i.i 
this  regard  (exposed  at  750  F)  was  Ti-7Al-12Zr, 
which  showed  a  life  reduction  of  5  percent.  The 
largest  reduction  was  12:1  for  the  Ti-4Al-4Mn 
alloy,  considered  one  of  the  better  titanium  fastener 
alloys  at  room  temperature.  Another  fact  to  note 
is  the  large  reduction  in  life  at  test  temperature. 

In  this  case,  the  Ti-7Al-12Zr  alloy  shows  the 
greatest  loss. 

Because  the  data  available  for  study  were 
very  limited,  the  above  discussion  is  of  a  quali¬ 
tative,  rather  than  a  quantitative,  nature.  The 
establishment  of  design  strength  values  will  de¬ 
pend  on  further  long  exposure  testing. 

Titanium  has  a  lower  coefficient  of  expansion 
than  most  steels,  stainless  steels,  and  nickel  al¬ 
loys^).  Thus,  in  high- temperature  service, 
mechanically  fastened  joints  between  titanium  and 
other  metals  will  be  subject  to  loosening  and  tighten¬ 
ing  of  the  fastener.  Design  allowance  must  be  made 
for  this  fact.  In  most  cases,  the  use  of  a  higher 
fastener  preload  and  careful  selection  of  joint  ma¬ 
terials  will  eliminate  any  thermal  loosening  pro¬ 
blems.  Tightening  is  a  problem  only  when  the  com¬ 
bination  of  the  thermal  stress  with  the  preload  and 
design  load  exceeds  the  yield  point  of  the  fastener. 
This  will  cause  permanent  deformation  and  loosen¬ 
ing  on  subsequent  cooling.  High-temperature 
applications  often  must  :onsider  the  decrease  in 
preload  that  can  occur  because  of  relaxation  of 
the  bolt. 


4-5.  i.  6  Low-Temperature  Design 

Many  of  the  above  de  >ign  factors  are  equally 
important  in  considering  low-temperature  design. 

5 ome  titanium  alloys  have  satisfactory  properties 
at  low  temperature,  others  do  not.  The  differences 
in  coefficient  of  expansion  between  titanium  and 
other  metals  must  be  considered  in  low-temperaturu 
design.  For  example,  it  would  be  difficult  to  keep 
titanium  fasteners  tight  in  aluminum  structure w 
cooled  to  very  low  temperatures. 


rrrsgrsaB  n_  jr ' 


v,/, 


/ 


,f:tu  ^wnw-VK^.^-1  v/  t  fJW^rrp 


’  4-5:67-8 

) 


TAI  LE  4-5.  1.5-1.  EFFECT 
FASTENERS 

OF  EXPOSURE  ON  FATIGUE  LIFE  OF  VARIOUS  TITANIUM- 

ALLOY 

Titanium  Alloy 

Test 

Temp, 

F 

Exposure 
Temp,  Time, 

F  hours 

Minimum 

Fatigue 

Lifetime, 

cycles 

Average  Fatigue 
Lifetime 
(4  Specimens) , 
cycles 

Maximum 

Stress^, 

ksi 

Ti-7A1-  12Zr 

RT 

None 

460,000 

77 

RT 

750 

100 

440,000 

-- 

77 

750 

None 

35,000 

-- 

77 

Ti-8A1-  iMo-  IV 

RT 

None 

43,000 

-- 

77 

RT 

750 

100 

12,000 

77 

Ti-6A1-4V 

R1 

None 

- 

92,000 

83 

RT 

600 

100 

-- 

15,000 

83 

600 

None 

16,000 

83 

Ti-4Al-4Mn 

RT 

None 

-  „ 

403,000 

83 

RT 

600 

100 

31,500 

83 

600 

None 

-- 

51,000 

83 

Ti-13V-llCr-3A] 

RT 

None 

_  _ 

45,000 

83 

RT 

600 

100 

“  “ 

9,000 

83 

(a)  At  77  ksi,  R  =  0.  2S;  at  83  kai,  R  =  0.  10. 

4-5.2  FASTENER  SELECTION  4-5.  2.  1  Titanium  Rivets 


Titanium  and  its  alloys  are  mechanically 
joined  with  the  same  type  fasteners  used  for  more 
conventional  materials.  Mechanical  fasteners  are 
available  in  a  large  number  of  sizes  and  shapes  and 
with  many  functions.  The  type  of  fastener  used  is 
usually  determined  by  the  expected  loads  and  the 
type  of  loading  the  joint  will  meet  in  service. 

There  are  also  many' factors  that  determine  the 
material  from  which  the  fastener  should  be  made. 

If  light  weight  is  essential,  titanium  or  aluminum 
fasteners  should  be  used.  If  high  strength  is 
needed,  the  fastener  may  be  made  from  high- 
strength  steels,  such  as  HI l  or  SAE  4340.  For 
high-temperature  service,  A286  or  another  high- 
temperature  alloy  may  be  used.  Where  ease  of 
forming  is  important,  Monel  may  be  used  as  a 
fastener  material.  There  are  also  such  factors 
as  corrosion  resistance  and  thermal  expansion, 
as  discussed  earlier,  to  be  considered. 

Although  application  is  a  prime  factor  in 
selecting  specific  fasteners,  such  factors  as  cost, 
availability,  equipment  required,  and  previous 
shop  experience  must  also  be  considered.  Details 
of  the  latest  features  should  be  obtained  from  the 
manufacturers.  Almost  any  fastener  design  can  be 
detained  in  titanium  if  the  customer  it  willing  to 
pay  the  price  and  wait  fer  manufacture.  Some 
considerations  to  be  made  when  mechanically 
fastening  titanium  and  its  alloys  with  rivets  and 
bolts  are  discussed  above.  ^ 


The  arrenl  production  and  availability  of 
titanium  rivets  is  limited.  However,  commer¬ 
cially  pure  titanium  rivet3  are  available.  Titanium 
rivets  tend  to  work  harden  slightly  during  driving 
at  room  temperature.  Lubrication  of  the  rivet 
facilitates  assembly  of  negative- clearance  titanium 
rivets  by  preventing  galling  of  the  rivet  in  the  hole. 


The  results  of  some  tests  on  mechanical 
properties  for  titanium  rivet  wire  of  severa^ li¬ 
ferent  alloys  are  shown  in  Table  4-5.2.  l-l 
In  addition  to  being  tested  for  shear  and  creep 
properties,  the  materials  were  evaluated  for 
heading  and  driving  characteristics  and  for  re¬ 
sistance  to  operating  environment.  Only  Ti-3A1- 
2.  5V  was  acceptable  in  all  categories.  Further 
development  work  is  in  progress  on  the  higher 
strength  materials.  These  alloys  are  being  ther¬ 
mally  processed  to  improve  heading  character¬ 
istics. 


4-5.2.  2  Non-Titanium  Rivets 

Non- titanium  rivets,  particularly  Monel, 
have  beer  widely  used  in  titanium  joints.  Design 
allowables  for  such  rivets  are  shown  in  Table 
4-5.2.  2-1.  When  these  fasteners  are  being  used, 
the  effects  of  galvanic  corrosion  and  differential 
thermal  expansion  should  be  accounted  for  in  the 
design.  Aluminum  and  steel  fasteners  ar;  subject 
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TABLE  4-5.2.  1-1  TYPICAL  ROOM  TEMPERATURE 
MECHANICAL  PROPERTIES  OF  TITANIUM 
RIVET  WIRE*1 11 


Alloy 

Ftu, 

ksi 

F‘X> 

ksi 

Elong, 

% 

RA 

% 

^8U 

ksi 

Ti-6A1-4V 

145 

128 

14 

46 

90 

Ti-6A1-4V(ELI) 

136 

118 

13 

47 

87 

Ti-4A1-  3Mo-  IV 

130 

118 

15 

57 

83 

Ti-3A1-2.5V 

93 

75 

19 

58 

69 

Ti-5Al-2.  5Sn 

127 

106 

14 

41 

83 

CP-70A 

100 

71 

-  “ 

-  ** 

75 

to  possible  rapid  attack  when  used  with  titanium  in 
a  corrosive  environment.  Galvanic  corrosion  can 
be  reduced  or  eliminated  by  the  use  of  copper-base, 
nickel-*'  ise,  and  stainless  steel  fasteners.  A286 
rivets  are  also  available  and  are  being  considered 
for  use  in  titanium  structures. 

4-5.  2.3  Bolts 

There  are  two  basic  bolt  types,  one  designed 
for  shear  loads,  the  other  for  tension  loading,  I1' 
Threaded  fasteners  made  from  Ti-6A1-4V  and  Ti- 
4Al-4Mn  are  currently  stocked  by  a  number  of 
suppliers.  Additional  alloys,  both  titanium  and 
higher  strength  alloys,  are  being  studied  for  use 
in  future  fastener  designs. 

4-5.  2.4  Other  Fasteners 

Other  fasteners,  such  as  lockbolts  and  hi- 
shear  rivets  made  from  Ti-6A1-4Y  and  Ti-4Al-4Mn 
are  also  available  and  other  titanium  and  high- 
strength  alloys  are  being  studied.  A286  blind 
faateners  are  available  and  the  possibilities  of  ti¬ 
tanium  blind  fasteners -are  being  studied. 

4-5.3  ASSEMBLY  CONDITIONS  AND  TECHNIQUES 


Assembly  techniques  for  mechanically  fastened 
titanium  joints  are  similar  to  those  used  in  aluminum 
and  steel-alloy  assembly.  The  only  differences  are 
in  handling  techniques.  The  titanium  assembly 
should  be  kept  clean  and  free  of  contaminants.  This 
is  absolutely  necessary  for  critical  applications. 
Drilling  of  holes  in  place  requires  disassembly  and 
deburring  of  the  pieces  before  a  fastener  is  install¬ 
ed. 

Proper  alignment  during  assembly  is  most 
important,  particularly  for  low-temperature  ap¬ 
plications.  This  is  illustrated  in  Figure  4-5.  3-1. 

The  strength  reduction  shown  in  tests  with  a  3- 
degree- .ingle  block  is  believed  to  indicate  sensitivity 
to  slight  bending  loads  that  might  be  imposed  on  the 
fasteners.  This  need  for  careful  alignment  em¬ 
phasizes  the  importance  of  particular  care  in  hole 
preparation.  The  alignment  of  the  fastener  can  be 
no  better  than  the  alignment  of  the  hole. 


Assembly  methods  for  common  rivet-  and 
bolt-type  fasteners  are  discussed  in  the  following 
paragraphs. 

4-5.  3.  1  Rivets 

There  are  many  ways  of  riveting,  all  of  them 
useful  for  particular  applications.  *^  Rivets  may 
be  installed  either  hot  or  cold.  Cold  riveting  is 
used  in  most  industrial  operations  because  it  is 
faster,  more  efficient,  and  eliminates  potential 
thermal  damage  to  the  rivet  and  parts.  A  common 
method  of  setting  rivets  is  with  a  rivet  set  and  im¬ 
pact  hammer.  It  is  important  with  this  method  to 
use  the  proper  size  of  rivet  set  and  proper  length 
of  rivet,  and  to  prevent  battering  of  the  parts  being 
joined  by  set  or  back  up. 

Another  method  is  squeeze  riveting,  in  which 
a  steady  force  is  applied  to  both  ends  of  the  rivet. 
More  precise  control  is  possible  with  this  method 
and  battering  of  the  parts  being  joined  is  avoided. 
Because  the  rivet  is  bulged  out  to  form  a  cylinder 
larger  in  diameter  than  the  hole,  squeeze  riveting 
is  more  tolerant  cf  out-of-size  holes  and  mismatch¬ 
ing  of  holes  than  other  methods  of  setting  rivets. 

Spin  riveting  may  be  used  where  a  head  is 
required  and  impact  riveting  is  not  desirable.  A 
head  ia  produced  by  the  rotation  of  a  tool  against 
the  rivet  while  it  is  held  still.  The  clamping  pres¬ 
sure  of  the  rivet  is  controlled  by  the  upsetting  para¬ 
meters.  The  rivet  is  set  with  no  residual  clamping 
pressure  and  the  parts  are  left  free  to  rotate  around 
the  rivet.  This  process  provides  neither  the  rigi¬ 
dity  or  hole  filling  of  squeeze  or  impact  driver 
rivets.  Rivets  so  installed  should  therefore  not 
be  used  at  allowables  determined  for  rivets  driven 
by  the  more  conventional  methods  unless  the  suit¬ 
ability  of  such  use  is  verified  by  test. 

4-5.  3.  2  Bolts 

The  strength  of  a  bolted  joint  is  greatly  in 
fluenced  by  the  amount  of  pretensionir.g  in  the  bolt. 
Thus,  it  is  necessary  to  produce  the  proper  tension 
in  the  bolt  during  assembly  This  is  done  by  apply¬ 
ing  the  proper  torque  during  assembly.  Two  me¬ 
thods  of  tightening  bolts  are:*11 

(1)  Manual  torque  wrenching.  A  torque 
wrench  has  a  dial  that  indicates  the 
torque  being  applied.  The  nut  is  tight¬ 
ened  to  some  preselected  torque.  Accur¬ 
ate  but  not  fast. 

(2)  Pneumatic  impact  wrench.  With  this  me¬ 
thod,  torque  is  controlled  by  air  pressure 
or  by  a  cutoff.  When  air-pressure  control 
is  used,  the  wrench  stalls  at  the  desired 
torque.  The  cutoff  tool  shuts  off  the  4ir 
at  the  desired  torque.  This  method  is 
fast  but  not  very  accurate. 
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TABLE  4-5.  2.  2-1  YIELD  AND  ULTIMATE  STRENGTH  OF  SOLID,  100-DEGREE-FLUSH-HEAD  MONEL 
RIVETS  IN  MACHINE  COUNTERSUNK  TITANIUM  ALLOYS*1) 


Sheet  Material 

Commercially  Pure  Titanium 

AMS  4901  Alloy(Ti-6Mn) 

Rivet  Diameter,  in. 

1/8  5/32  3/16  1/4 

1/8  5/32  3/16 

Sheet  Thickness,  in. 


Yield  Strength 

.  lb*a> 

0,020 

180 

_ 

_  _ 

-  _ 

180 

«  « 

-- 

0.  025 

229 

276 

-- 

-- 

229 

276 

0.032 

297 

364 

429 

-- 

297 

364 

429 

0.036 

335 

410 

484 

-- 

335 

410 

484 

0.  040 

376 

460 

546 

709 

736 

460 

546 

0.045 

422 

518 

619 

800 

422 

518 

619 

0.050 

472 

582 

688 

897 

472 

582 

688 

0.063 

598 

736 

877 

1,150 

598 

736 

877 

0.  071 

648 

835 

993 

1,300 

648 

835 

993 

0.080 

648 

945 

1,130 

1,481 

648 

945 

1,130 

0.090 

-- 

99b 

1,268 

1,680 

-- 

955 

1,268 

0.  100 

-- 

995 

1,420 

1,860 

-- 

995 

1,420 

0.  125 

-- 

-- 

1,430 

2,340 

-- 

-- 

1,430 

0.  160 

-- 

-- 

1,430 

2,590 

-- 

1,430 

0.  190 

-- 

-- 

-- 

*-,590 

-- 

-- 

0.250 

-- 

— 

Jw  — 

2,590 

-  " 

-- 

4 

Ultimate  Strength,  lb*al 

0.  020 

307(d) 

.. 

_  — 

«  — 

307(d) 

_  .. 

0.  025 

386(d) 

476*d> 

_ 

-  «. 

386(d) 

476<d) 

-- 

0.  032 

492<d) 

613(d) 

732<d) 

_ 

426 

596(d) 

732(d) 

0.036 

516<d> 

686*d> 

820*d) 

451 

627(d) 

820(d) 

0.040 

531 

765(d) 

917(d) 

l,216(d) 

477 

658 

874(d) 

0.045 

555 

795(d) 

.,-'63<d> 

1.363(d) 

506 

696 

918 

0.050 

573 

818 

1, 118((a) (b) (c) d) 

l,512<d> 

536 

734 

965 

0.  063 

626 

885 

1,198 

1 , 91o(d) 

617 

83.' 

1,080 

0.  071 

648 

926 

1,242 

2, 010(d) 

648 

894 

1,152 

0.  020 

648 

971 

1,302 

2,090 

648 

961 

1,243 

0.090 

-- 

995 

1,360 

2,185 

-- 

995 

1,330 

0.  100 

-- 

995 

1,421 

2,260 

... 

995 

1,421 

0.  125 

-- 

— 

1,430 

2,460 

-- 

— 

1,430 

0.  160 

-- 

-- 

1,430 

2,590 

-- 

1.430 

0.  190 

-- 

-- 

-- 

2,5?0 

-- 

-- 

-- 

0.250 

“  “ 

— 

2,590 

-  - 

“  “ 

(a)  Higher  allowables  may  be  used  if  substantiated  by  test. 

(b)  Sheet  gage  is  that  of  the  countersjnk  sheet.  Data  are  not  applicable  where  the  lower  sheet  is  thinner 
than  the  upper  sheet. 

(c)  In  each  strength  column  the  sheet  gage  corresponding  to  the  first  strength  value  below  the  horizontal 

line  in  the  column  ( - )  represents  the  thinnest  sheet  gage  of  the  top  sheet  in  which  the  full  depth  of 

countersink  can  be  made  without  entering  the  bottom  sheet. 

(d)  For  these  values  the  yield  load  is  less  than  two-thirds  of  the  indicated  ultimate  load  values. 

Note:  Values  in  this  table  are  baaed  on  "good"  manufacturing  practice,  any  deviation  from  this  will 

produce  reduced  values. 
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FIGURE  4-5.  3-1.  COMPARISON  OF  ULTIMATE 

STRENGTH  WITH  AXIAL  AND  3-DEGREE- 
ANGLE-  BLOCiC  LOADING  (REF.  2 2) 

Ti-8A1- IMo- 1 V  bolts  with  A-286  nuts. 

With  either  of  these  two  methods,  accuracy 
can  be  assured  to  very  close  tolerance  by  measur¬ 
ing  the  bolt  length  with  a  micrometer  both  before 
and  after  assembly. 

About  90  percent  of  the  torque  applied  during 
tightening  is  used  to  overcome  friction.  The  bal¬ 
ance  produces  tension  in  the  bolt.  The  torque  re¬ 
quired  to  overcome  friction  may  be  even  higher 
than  this  with  titanium  bolts.  The  induced  load  ob¬ 
tained  in  titanium  bolts  at  several  levels  of  torque 
is  shown  in  Figure  4-5.  3.2-1.  However ,  for 
critical  applications,  actual  torque  values  should 
be  arnveo  at  by  experiment. 


e.  At  ♦  70  F 


o 


FIGURE  4-5.  3.  2-1.  TOROUE  VERSUS  INDUCED 

LOAD  FOR  TITANIUM  TENSION  FASTENERS 
(REF  13) 

All  data  obtained  from  A-286  nuts.  Bolt  yield 
strength,  156  to  144  ksi.  bolt  ultimate  strength,  154 
to  171  ski.  Data  Irom  three  consec  ittve  tee's,  in¬ 
duced  load  generally  higher  on  Iasi  test 
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5-0.0  INTRODUCTION 

Th«i  information  on  mechanical  at?d  physical 
properties  presented  in  this  section  is  based  on 
da*a  acquisition  and  analysis  procedures  uni  ver¬ 
st  ly  accepted  by  today's  aerospace  industry.  With 
MIL-HDBK-5  and  current  applicable  military 
specifications  as  the  starting  point,  data  were 
collected  on  commercially  pure  titanium  and  eight 
titanium  alloys:  Ti-6Al-2.  5Sn,  Ti-8Al- IMo- 1 V, 
Ti-6A1-4V,  Ti-6Al-6V-2Sn,  Ti-13V-UCr-3Al,  Ti- 
4AJ~3Mo- 1 V,  Ti-679,  and  Ti-6Al-2Sn-4Zr-2Mo, 
Information  sources  have  been  carefully  checked 
to  assure  that  there  is  no  duplication  of  data. 

Some  strength  information  (noted  as  tenta¬ 
tive)  has  been  presented  on  the  basis  of  small 
quantities  of  data.  This  procedu  re  is  justified  by 
the  current  necessity  for  preliminary  design- 
strength  yalues.  It  is  recognized  that  these  values 
will  change  as  more  test  information  becomes 
available. 

The  material-properties  information  pre¬ 
sented  herein  reflects  the  characteristics  of  ti¬ 
tanium  alloys  as  currently  produced.  Process 
improvements  subsequently  incorporated  will 
modify  these  data. 

In  this  handbook,  fatigue-crack  propagation 
and  residual  strength  (or  fracture  toughness)  are 
considered.  Both  material  behaviors  are  topics 
new  to  handbook  presentation  and  have  not  reached 
the  status  of  design  allowables.  Tueir  treatment 
in  this  handbook  is  as  indicative  information,  v/hich 
the  designer  may  use  at  his  discretion.  Although 
qualitative  studies  have  shown  that  an  aqueous 
environment  is  detrimental  to  cracked  material, 
quantitative  engineering  data  for  titanium  alloys  in 
this  condition  arc  not  yet  available.  Mechanical 
fastening  is  also  presented  in  the  introductory 
section  because  the  information  available  is  too 
limited  to  make  a  design  presentation.  Criteria 
guidelines  are  discussed,  followed  by  a  limited 
display  of  exposure  and  fatigue  data.  This  materi¬ 
al  is  presented  as  indicative  information  only. 


5-0.  1  DIGITAL  IDENTIFICATION 

Within  Section  5,  a  three-digit  code  is  utili¬ 
zed  to  identify  the  subsections.  After  the  initial 
da6h,  the  first  digit  identifies  the  alloy:  1  for  com¬ 
mercially  pure  titanium  through  9  for  titanium  alloy 
Ti-6Al-2Sn-4Zr-2Mo,  The  second  digit  denotes  room- 
temperature  allowables,  environmental  effects,  or 
thermophysical  properties.  The  third  digit  denotes 
subcategories  to  these.  Thug,  for  titanium  alloy 
'ri-8Al-lMo-lV,  the  following  identification  applies: 

5-3  Alloy 

5-3.  1  Room-temperature  allowables 
5-3,  2  Environmental  effects  for  the  first 
heat  treated  condition 
5  3,2.1  Elevated-temperature  effects 
5-3.  2,  2  Effect  of  exposure 

5-1.  2,  3  Stress-strain  and  tangent  modulus 
curves 

5-3,  2.  4  Creep  data 

5-'*.  >.  5  Fatigue  behavior 

5-3.  2  6  Residual-strength  data 

5-3.  3  Environmental  effects  for  the  second 

heat-treated  condition 
5-3.  3.  1  Elevated-temperature  effects 
5-3.  3.  2  Etc. 


5-3,4  Thermophysical  properties 

Subsequent  dash  numbers  denote  tables  and  figures 
in  the  respective  categories. 

It  should  be  noted  that  the  existence  of  identi¬ 
fication  for  all  subsections  does  not  imply  that  data 
are  available  in  that  area.  Rather,  it  indicates  that 
accommodation  ha*  been  made  for  the  data  when 
they  become  available.  The  table  of  contents  cata¬ 
logs  subsections  in  which  information  is  presented. 
Data  voids  may  occur  for  several  reasons:  testing 
not  yet  performed  in  depth;  production  changes  have 
voided  existing  data;  or  proprietary,  economic,  or 
security  factors  prohibit  the  source  from  releasing 
data. 


It  should  be  noted  that  Section  1  discusses  the  5-0,  2  MECHANICAL  PROPERTIES 
detailed  metallurgical  aspects  of  the  alloys  whose 

design  properties  are  presented  here.  Heat  treat-  5-0,  2.  I  Room-Temperature  Peeign  Mechanical 
monte,  etabilicetion,  and  other  con  side  ration  e  are  Properties 

brought  out  there.  In  order  to  give  the  deeigner  the 

fullest  appreciation  of  the  eubtletiee  end  peculiar!-  In  the  material  ecctions  to  follow,  tabuiatione 

tiee  of  titanium  technology,  these  sections  should  of  room-temperature  mechanical  properties  accord- 
be  considered  together,  ing  to  product,  heat  treatment,  and  gage  range  axe 

made  for  tension,  compression,  shear,  bearing, 

Deta  references  are  listed  in  Section  5 -20,  elongation,  and  modulus  properties  In  most  esses, 

Superscripts  following  figure  titles  cite  applicable  values  in  the  room-temperature-properties  tables 

references,  (Incited  titles  imply  information  de-  appiy  to  both  longitudinal  and  transverse  properties, 
rived  from  MIL-HDBK-5,  Where  differences  in  strength  occur,  two  values  are 

listed  (L  and  T), 
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In  accordance  with  the  Guidelines  of  MIL- 
HDBK-5,  tension-yield  and  ultimate- strength  data 
were  analyzed  and  presented  on  one  of  three  bases: 
Design  Allowable  A  Basis,  Design  Allowable  B 
Basis,  or  Specification  S  Basis.  Specifically, 
these  are  defined  as  follows: 

A  Basis.  —  The  mechanical-property  value  indi¬ 
cated  is  the  value  above  which  at  least 
99  percent  of  the  population  of  values 
is  expected  to  fall,  with  a  confidence 
of  95  percent, 

B  Basis.  --  The  mechanical-property  value  indi¬ 
cated  is  the  value  above  which  at  least 
90  percent  of  the  population,  of  values 
is  expected  to  fall,  with  a  confidence 
of  95  percent, 

S  Basis.  --  The  mechanical-property  value  indi¬ 
cated  is  the  specified  minimum  value 
of  the  governing  Military  Specification 
or  SAE  Aerospace  Material  Specifi¬ 
cation  lor  this  material.  The  statisti¬ 
cal  assurance  associated  with  this 
value  is  not  known;  however,  they  are 
considered  to  represent  present  pro¬ 
duction  capability. 

For  well-established  alloys,  A  values  and  S  values 
are  identical.  For  newer  alloys,  where  processing 
is  subject  to  change,  the  possibility  exists  for 
differences  between  A  and  S  values  at  any  one  time. 

Compression,  shear,  and  bearing  properties 
are  derived  values  whose  room-temperature  values 
are  established  through  their  relationship  to  room- 
temperature  tension-yield  and  ultimate- strength 
values.  This  is  accomplished  by  pairing  individual 
ultimate- strength  measurements  with  ultimate 
tensile-strength  measurements,  or  yield- strength 
with  tensile  yield-strength,  determining  the  mean 
ratio  of  these  pairs  of  measurements,  with  a  pro¬ 
bability  of  95  percent,  and  multiplying  the  directly 
calculated  A  or  B  value  or  the  S  value  for  tension 
ultimate  or  yield  strength  by  this  factor.  Ten 
pairs  of  measurements  have  been  considered  a 
minimum  for  establishing  a  derived  allowable  where 
adequate  background  information  is  available.  For 
completeness  of  presentation,  where  less  than  tea 
sample  tests  were  available,  tentative  values 
(enclosed  in  parentheses)  are  tabulated  for  com¬ 
pression,  shear,  and  bearing  allowables.  These 
values  are  based  on  best  engineering  judgment  of 
data  available.  In  areas  where  no  test  data  were 
available,  they  have  been  developed  from  ratios 
applicable  to  a  similar  titanium  alloy.  The  tenta¬ 
tive  values  are  included  for  indicative  purposes 
only  and  should  be  used  conservatively  in  design. 
Elongations  are  tabulated  on  an  5  basis. 

For  convenience  to  the  user  of  this  document, 
portions  of  the  room- temperature  property  tables 


that  have  not  been  approved  by,  or  are  in  conllict 
with,  MIJL-HDBK-5A  tables  are  denoted  by  shading. 

In  some  case6,  shaded  mechanical-property  values 
represent  changes  that  may  be  expected  to  be 
approved  for  MIL-HDBK-5A  in  the  near  future, 
such  as  those  representing  changes  currently  being 
m.ide  in  procurement  specification  requirements. 
Similarly,  figures  that  cither  differ  from  those  in 
MIL-HDBK-5A,  or  are  considered  tentative,  are 
denoted  by  shading  of  the  captions  beneath  the  fig¬ 
ures.  In  other  cases,  the  shaded  values  represent 
tentative  values  basea  on  limited  data;  these  incluae 
both  suggested  specification  values  for  Ftu,  Fty, 
and  e,  and  tentative  derived  values  (see  above),  both 
types  of  which  are  enclosed  in  parentheses. 

5-0,  2.  2  Environmental  Effects 

For  each  heat-treatment  condition  for  which 
data  are  at->lable,  design  allowables  can  be  com¬ 
puted  based  upon  the  room-temperature  tables  and 
the  graphs  presented  in  the  Environmental  Effects 
sections.  The  graphs  may  indicate  how  temperature 
affects  strength  or  how  exposure  at  temperature 
affects  room-temperature  strength.  These  graphs 
are  plotted  as  percent- strength  versus  temperature 
(either  test  temperature  or  exposure  temperature). 
Percent-strength  values  obtained  from  these  graphs 
when  multiplied  bv  the  appropriate  room- temperature 
property  (considering  product  form,  gage  and  heat 
treatment)  yield  the  required  design-strength  value. 

In  the  Environmental  Effects  sectionr,  tensile 
and  compressive  stress-strain  diagrams  and 
tangent-modulus  curves  are  plotted  for  discrete  tem¬ 
peratures.  Creep  data  are  presented  as  stress- 
versus-time  plots  for  various  creep- strain  criteria. 
Depending  upon  the  quantity  and  range  of  data, 
fatigue  information  is  plotted  as  S-N  curves  or  as 
constant-life  diagrams.  The  presentations  here  are 
made  in  accordance  with  the  procedural  Guidelines 
of  MIL-HDBK-5. 

Residual-strength  data  are  presented  here  in 
a  limited  form.  Since  there  is  no  established  for¬ 
mat  for  the  display  of  this  information,  the  attempt 
has  been  made  to  display  these  data  in  the  simplest 
and  most  useful  manner  for  the  designer.  Further 
discussion  of  this  information  follows  in  Section 
'5-0.  4. 

5-0.3  THERMOPHYSICAL  PROPERTIES 

Specific  heat,  thermal  conductivity,  linear 
expension,  and  electrical  resistivity  are  presented 
graphically  versus  temperature  in  each  alloy  section. 

5-0.  4  FATIGUE  AND  FRACTUR  E  TOUGHNESS  IN 
DESIGN 

With  the  advent  of  fail-safe  and  safe-life  design 
concepts,  it  was  recognized  that  crack  to. mation  in 
structural  elements  is  due  to  inherent  metallurgical 
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characteristics  as  v'ell  as  to  mechanical  defects. 

As  a  result,  considerable  research  has  been  de¬ 
voted  to  studies  of  crack  formation,  propagation, 
and  final  fracturing.  Several  complex  theories 
have  evolved  ana  have  received  some  experimental 
subetantiation;  however,,  the  extensive  data  re¬ 
quired  to  perform  statistical  analyses  and  to  set 
design  guidelines  are  not  available. 

To  emphasize  the  fact  that  for  titanium,  as 
well  as  »or  all  metals,  data  pertinent  to  these 
topics  ha v a  not  yet  reached  the  status  of  design 
allowables,  certain  of  the  information  is  presented 
in  this  introductory  section.  It  is  again  noted  that 
the  effects  of  an  aqueous  environment  are  not 
included. 

5-0.  4.1  Fatigue-  Crack  Propagation 

The  growth  rate  of  cracks  initiated  by  metal¬ 
lurgical  or  mechanical  flaws  defines  the  effective 
service  life  of  any  given  structural  element.  To 
maintain  structural  integrity  and  to  define  inspec¬ 
tion  requirements,  crack  growth  must  be  known 
from  the  threshold  of  its  detection  until  it  reaches 
the  point  of  rapid  fracturing. 

Extensive  testing  has  been  accomplished  on  a 
wide  variety  of  specimens  under  many  cyclic 
loading  conditions.  Rather  than  presenting  a  com¬ 
plete  bibliography  of  data,  the  attempt  has  been 
made  to  select  the  data  to  illustrate  important 
relationships.  In  the  figures  that  follow,  the 
designer  shou’d  note  the  influence  of  stress  am¬ 
plitude,  stress  ratio,  mean  stress,  and  the  geome¬ 
tric  parameters  of  thickness,  sire,  and  curvature. 

Crack- propagation  data  for  8- inch- wide, 
duplex-annealed  Ti-8Al-lMo-l  V  alloy  sheet  is 
presented  in  Figures  5-0.4.  1-1  through  5-0.4, 1-4 
for  various  temperatures  and  stress  ratios,  R. 

The  first  two  figures  are  for  thin  sheet,  while  the 
latter  are  for  thick  sheet.  These  particular  data 
were  obtained  at  a  mean  stress  of  25  ksi.  It  may. 
be  noted  that  specimen  life  increases  with  a  de¬ 
crease  in  stress  amplitude.  It  should  also  be 
noted  that  no  consistent  temperature  effects  are 
displayed.  Figure  5-0,4.  1-5  presents  com¬ 
parable  room-temperature  crack  propagation 
for  a  0.  200-inch-thick  specimen  from  another 
source.  Here  the  expected  effect  of  stress  ratio, 
R,  also  is  displayed. 

For  comparison  of  geometric  effects,  data 
for  specimens  for  24-inch  width  and  greater  are 
presented  in  the  remaining  figures.  Room- 
temperature  crack-propagation  data  for  duplex- 
annealed  Ti-8Al-IMo-i  V  alloy  thin  sheets  at 
different  stress  ratios  and  maximum  stresses  are 
presented  in  Figures  5-0,4. 1-6  through  5-0.4. 1-9. 
Comparable  thick-sheet  data  are  presented  in 
Figure  5-0.4. 1-10  for  a  maximum  stress  of  25  ksi. 
Mill-annealed  T1-6A1-4V  alloy  thin-sheet  data  are 
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presented  in  Figures  5-0.4.1-11  and  0-0.  4,  1-1 2. 

In  all  of  these  figures,  an  increase  of  specimen 
life  with  increasing  R  is  shown  as  expected. 

Data  for  36-inch-wide,  stiffened  and  un¬ 
stiffened,  duplex-annealed  Ti-8Al-lMo-l  V  alley 
thin  sheets  are  presented  in  Figure  5-0.4.  1-13. 
Although  transverse  stiffening  docs  not  affect  the 
crack  growth  rate  up  to  about  10,000  cycles,  it 
apparently  lengthens  the  cyclic  life  of  the  specimen. 
Propagation  data  for  a  pressure-cycled,  unstiffen- 
ed  titanium  cylinder  are  displayed  in  Figure 
5-0.4.  1-14.  The  cyclic  life  of  the  cylinder  is  seen 
to  be  extremely  short  in  comparision  with  the  flat 
specimens. 

Growth-rate  comparison  for  a  4-inch  crack 
in  the  large  specimens  is  displayed  in  Figure 
5-0.4,  1-15.  Within  the  Ti-8Al- IMo- 1 V  alloy 
sheets,  growth  rate  increases  with  thicluiess.  The 
striking  spread  of  growth- rate  data  over  four  log 
cycles  brings  out  the  strong  implication  of  geome¬ 
try.  Both  size  and  curvature  are  important  para¬ 
meters  in  this  area. 

From  i965  to  the  present  time,  rather  ex¬ 
tensive  research  has  been  conducted  to  determine 
the  susceptibility  of  titanium  alloys  to  reduced 
fracture  strength  in  the  presence  of  various  liquids. 
In  many  cases,  the  titanium  alloy  under  study  is 
not  intended  for  use  in  the  specific  environments, 
but  rather  the  environmental  studies  are  intended 
to  define  the  criticality  of  the  problem.  Much  of 
this  activity  resulted  from  the  findings  of  Dr.  B. 

F.  Brown  at  the  Naval  Research  Laboratory,  He 
found  that  Ti-8Al-lMo-l  V  and  Ti-7Al-2Cb-J  Ta  al¬ 
loys  were  seriously  affected  when  tested  in  the 
presence  of  distilled  water  or  a  3,  5%  NaCl  solution. 
After  these  findings,  a  flourish  of  activity  resulted 
on  programs  related  to  the  structural  application 
of  titanium  alloys,  particularly  in  applications  where 
reduced  fracture  strength  in  the  presence  of  some 
liquids  is  of  importance. 

In  addition  to  the  fact  that  the  fracture 
strength  of  titanium  alloys  may  be  affected  adverse¬ 
ly  by  the  presence  of  a  liquid  environment,  the 
fatigue- crack-propagation  behavior  may  be  affected 
adversely.  Results  pertaining  to  fatigue-crack- 
propagation  behavior  are  presented  and  briefly  dis¬ 
cussed  in  the  following  paragraphs. 

Curves  of  crack  length  versus  number  of 
cycles  are  presented  in  Figures  5-0. 4. 1-16  to 
5-0.4, 1-30  for  the  T1-6A1-4V  alloy  and  in  Figures 
5-0,4. 1-31  to  5-0.4,  1-35  for  the  Ti-4Al-3Mo-i V 
«Uoy.  Various  heat  treatments  and  thicknesses 
were  studied,  and  the  results  are  shown  in  these 
figures.  In  general,  the  figures  show  crack  length 
versut  number  of  cycles  for  the  indicated  R  values 
and  three  environmental  conditions;  namely,  rocm 
air,  distilled  water,  and  3.  5%  NaCl  solution. 
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These  recults  are  summarized  in  Figure  5-C.  4.  1-36 
for  the  Ti-6Al-4V  alloy  and  in  Figure  5-0,4.  1-37 
for  the  Ti-4Al-3Mo- 1 V  alloy.  Figure  5-0.4.  1-36 
demonstrates  rather  clearly  the  influence  of  3.  5% 
NaCl  solution,  distilled  water,  and  room  air  on  the 
fatigue- crack-propagation  behavior  of  four  heat 
treatments  of  Ti-6Al-4V.  The  influence  of  thick¬ 
ness  is  also  indicated  on  the  figure.  The  results 
summarized  in  the  latter  two  figures  were  obtained 
on  1  2  x  36-inch  center- cracked  panels  tested  at  two 
different  R  values,  using  a  mean  stress  of  25  ksi. 

The  ordinate  in  Figures  5-0.4.  1-36  and  5-0.4.  1-37 
represents  the  number  of  cycles  to  grow  a  crack 
from  a  length  of  2.  0  inches  to  3.  5  inches.  From 
these  two  figures,  it  is  seen  that  both  the  distilled 
water  and  3.  5%  NaCl  solution  accelerate  crack 
growth.  A  greater  effect  of  environment  is  ob¬ 
served  for  an  R  value  of  0,  67.  Increasing  the 
thickness  tends  to  accelerate  crack  growth  in 
both  the  air  and  aqueous  enviroments. 

Fiom  the  results  presented  in  the  latter  two 
figures,  it  is  possible  to  conclude  that  the  environ¬ 
mental  crack  resistance  of  the  Ti-6Al-4V  alloy, 
for  the  four  heat  treating  conditions  studied,  in 
order  of  decreasing  resistance,  is: 

1)  Beta  STA  -  1250* 

2)  Duplex  annealed 

3)  Mill  annealed 

4)  Beta  STA  -  1000 

For  the  Ti-4Al-3Mo-l  V  alloy,  the  environmental 
crack  growth  resistance  is  about  the  same  in  both 
heat  treatments.  They,  in  turn,  are  about  equal 
to  the  Ti-6A1-4V  duplex- annealed  material  in 
their  environmental  resistance  to  crack  growth. 

Figures  5-0.  4. 1-38  and  5-0.  4. 1-39  demon¬ 
strate  the  resistance  of  Ti-8Al-lMo-l V  sheet  and 
Ti-6A1-4V  sheet,  respectively,  to  environmental 
flaw  growth.  These  data  were  obtained  on  8  x  24- 
inch  center- cracked  panels  tested  at  an  R  value  of 
0.  1  and  a  mean  stress  value  of  25  ksi.  In  both 
cases,  the  salt  water  results  in  serious  degradation 
of  the  fatigue-crack-grovth  resistance. 

Additional  insight  into  the  deleterious  effects 
of  fatigue-crack-growth  in  the  presence  of  an  aque¬ 
ous  environment  can  be  obtained  from  reference  (75). 
In  this  case,  fatigue-crack-propagation  tests  were 
conducted  on  Ti-8Al-lMo-l  V  (duplex  annealed)  to 
ascertain  the  difference  in  crack-growth  rate 
between  testing  in  air,  seawater,  and  alternate 
exposure  to  elevated  temperature  and  seawater. 
Testing  was  done  on  8  x  24-inch  center-cracked 
panels  at  a  mean  stress  level  of  25  ksi  and  various 
alternating  stress  levels.  The  panel  thickness  in 
all  cases  was  0.  050  inch.  The  results  are  shown 


♦These  heat  treatments  are  described  in  Section 
5-4.  0. 


in  Figure  5-0.4.  1-40.  Generally,  the  fatigue 
cracks  propagated  more  rapidly  under  the  com¬ 
bined  aqueous  and  thermal  soak  conditions  than 
in  air.  The  test  at  an  SQ  value  of  40  ksi  (S0  is  the 
maximum  load  divided  by  the  initial  net  section 
area)  shows  that  the  results  for  heat  soaking  plus 
immersion  and  immersion  only  are  nearly  identi¬ 
cal.  This  lead  to  the  conclusion  that  most  of  the 
degradation  in  crack-propagation  rate  for  the  heat 
soaking  plus  i  emersion  cycle  is  due  to  the  effect 
of  the  aqueous  environment. 

The  preceding  results  indicate  that  the  pre¬ 
sence  of  an  aqueous  environment  leads  to  a  serious 
degradation  of  fatigue-crack-growth  resistance  for 
the  Ti-6A1-4V,  Ti-8Al- 1  Mo- 1 V,  and  Ti-4Al-3Mo- 
IV  alloys. 

A  more  general  analysis  of  these  data  is 
beyond  the  scope  of  this  handbook.  More  than  a 
dozen  formulations  are  in  current  use  to  correlate 
these  date  and,  since  individual  design  organizations 
have  their  own  preferences  for  analysis  procedures, 
these  choices  are  left  to  them.  For  further  infor¬ 
mation,  the  designer  is  referred  to  the  References, 
5-20,  at  the  end  of  this  section. 

5-0.  4.  2  Fracture  Toughness  and  Residual  Strength 

The  nominal  design  of  tension  structure  is 
based  on  the  premise  that  the  integrity  of  a  compon¬ 
ent  is  not  compromised  until  its  critical  section 
reaches  the  material  yield  strength,  and  that  the 
material  ultimate  strength  in  its  critical  section 
can  be  realized  before  fracture  occurs.  Factors 
of  safety  ure  then  utilised  to  account  for  irregu¬ 
larities  in  loading  and  material  behavior.  However, 
the  occurrence  of  flaws,  such  as  cracks,  weld 
defects,  and  metallurgical  inclusions,  can  cause 
structural  failure  at  loadings  well  below  those  of 
the  nominal  design.  While  unintentional  in  design, 
these  flaws  are  an  unavoidable  circumstance  of 
fabrication  or  service. 

Several  procedures  have  evolved  to  describe 
material  behavior  in  the  presence  of  flaws.  Those 
techniques  that  are  stress  related  have  proven  most 
amenable  to  design  application.  The  maximum 
gross  stress  that  a  structural  material  can  sus¬ 
tain  in  the  presence  of  a  designated  flaw  is  termed 
its  residual  strength.  The  material  parameter  that 
relates  this  gross  stress  and  flaw  size  is  termed 
fracture  toughness. 

From  Griffith-Irwin  theory,  the  field  of 
fracture  mechanics  has  developed.  Here,  a 
stress-intensity  factor,  K,  is  utilized  to  relate 
residual  strength  and  crack  length.  The  critical 
value  of  K  at  the  onset  of  rapid  fracture,  or  the 
fracture  toughness,  is  identified  as  Kjc  or  Kc 
under  conditions  of  plane  strain  or  plane  stress, 
respectively.  From  an  engineering  perspective, 
two  other  procedures  have  evolved.  Empirical 
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cur\ e-fitting  procedures  have  been  suggested  by 
Bockrath  and  Jackson.  Bockratb  relates  the  nct- 
to-ultimate  stress  ratio  to  a  power  of  the  crack 
length:  Jackson  uses  the  gross-to-yield  stress 
ratio,  m  "effective  width"  method  has  been  used 
by  Crichlow,  Denke,  and  Kuhn  to  def'ne  a  hypo¬ 
thetical  plastic  zone  adjacent  to  the  crack  or  flaw. 
A  general  development  of  these  approaches  is 
beyond  the  scope  of  this  handi  ook,  each  method 
has  its  limitations  and  regimes  of  applications. 

In  the  evolution  of  the  SST  program,  the 
fracture  resistance  of  titanium  alloys  in  the  pre¬ 
sence  of  flaws  has  been  evaluated  primarily  in  two 
manners.  For  relatively  thick  section  products, 
such  as  plate  and  forgings,  the  concepts  of  plane- 
strain  fracture-toughness  testing*"^ *®®)hfcve  been 
utilized  to  deiine  a  critical  plane-strain  stress- 
intensitv  factor  (or  fracture  toughness),  Kjc.  For 
relatively  thin-iection  products,  such  as  sheet  and 
strip,  the  center-cracked  sheet  tear  test  has  been 
utilized  to  relate  the  residual  gross  stress  at  frac¬ 
ture  to  the  central  crack  length. 

While  the  ASTM  Committee  E-24  is  in  pro¬ 
cess  of  standardizing  test  methods,  they  are  not 
firmly  established.  As  a  result,  only  a  limited 
quantity  of  consistent  data  are  available.  This 
information  is  included  in  this  introductory  section 
as  indicative  and  qualitative  information  only.  It 
should  not  be  considered  as  typical,  average,  or 
minimum  for  design  until  further  substantiated. 

For  the  quasi-plane-strain  conditions  of 
thick- section  material,  the  critical  plane-strain 
stress-intensity  factor  is  defined  by  fracture 
mechanics  as 


=  FJna)1/z-  Y, 


where 


Fg  =  gross  stresr  at  fracture,  psi 
a  -  flaw  size,  inches  (generally  a  crack 
length) 

Y  =  nondimensional  compliance  factor  depen¬ 
dent  on  flaw  and  specimen  geometry. 

To  demonstrate  the  deleterious  effect  of 
environment,  sustained-load  fracture  tests  have 
been  conducted  in  salt  water.  Although  aircraft 
do  not  operate  ir.  salt  water  and  these  data  may  be 
too  severe  for  design  criteria,  the  hostile  in¬ 
fluence  of  a  salt  water  environment  must  be  recog¬ 
nized.  These  data  serve  primarily  as  precauti  w- 
ary  indicators.  Del«yed  fracture  characteristics 
in  salt  water  arc  shown  by  the  environmental  crack- 
growth-resistance  factor,  Kjj.  Ti  is  is  determined 
in  the  same  manner  as  Equation  (1),  with  Fg  being 
the  gross  stress  at  fracture  after  time  period  of 
exposure. 

The  influence  of  metallurgical  rtability  on 
fracture  characteristics  has  been  studied.  Room- 


temperature  values  of  Kic  and  Kj,  have  been  deter¬ 
mined  after  extended  exposure  times  at  various  anti¬ 
cipated  service  temperatures. 

A  summary  of  plane- strain  fracture-toughness 
values  for  material  and  processes  selected  by  Boeing 
and  Lockheed  and  presented  in  Table  5-0.4.  3-1  and 
Figures  5-0.  4.  2-  1  and  -2.  Tensile-ultimate  and 
yield-strength  control  ;est  values  are  included  for 
comparative  purposes.  Note  that  Boeing's  environ¬ 
mental  data,  Kjj  values,  are  based  on  6-hour  ex¬ 
posures,  Lockheed's  are  based  on  J-hour  exposures. 

In  the  thin-section  titanium- alloy  product,  the 
residual  strength  is  that  maximum  gross  stress  that 
a  center- cracked  sheet  specimen  w ill  sustain.  Lock¬ 
heed  reports  these  data  a«  a  gross  section  stress, 

Fg,  and  an  initial  c  rack  length  in  a  given  size  panel. 
Boeing  perferrr  s  similar  ests  but  summarizes  the 
data  as  a  critical  plane-s  ress  stress-intensity 
factor,  Kc.  Wnile  this  va.ue  is  larger  than  Kjc  be¬ 
cause  of  plasticity  effects,  it  has  a  similar  analytical 
expression.  For  the  case  of  a  central,  through-the- 
thickness  crack,  Boeing  uses  the  compliance  factor, 

Ys  [tot  tan-8£-l  1/2  . 


such  that 


where 


tan3L  V 
W  / 


W  a  panel  width,  inches 


a  -  half- crack  length,  inches. 

Environmental  residual-strength  data  are  present¬ 
ed  on  a  similar  basis.  The  gross  fracture  stress  in 
salt  water  is  denoted  FgSW  and  replaces  Fg  in  the 
above  expression. 

A  summary  of  residual-strength  data  for 
material  and  processes  selected  by  Boeing  and 
Lockheed  are  presented  in  Table  5-0.4.  2-2  and  in 
Figures  5-0.  4.  2-3  and  5-0.  4.  2-4.  Tensile- 
strength  values  from  control  tests  have  been  in¬ 
cluded  for  comparision.  For  the  salt  water  en¬ 
vironment,  Boeing  again  used  a  6- hour  sustained 
load,  whereas  Lockheed  again  used  a  3-hour  sus¬ 
tained  load. 

Where  residual- strength  data  over  a  wider 
range  of  crack  lengths  are  available,  graphical 
displays  of  the  data  are  presented  in  the  alloy 
sections  to  follow.  To  date,  a  wide  variety  of 
specimen  configurations  have  been  subjected  to 
residual- strength  tests.  However,  the  variation  of 
fundamental  parameters  in  a  given  configuration  has 
been  too  limited  to  allow  the  overlap  ot  data  neces¬ 
sary  to  correlate  tests  on  a  general  scale.  For 
this  reason,  residual-strength  data  are  presented 
by  specific  types  of  specimens.  Gross  stress  is 
plotted  versus  initial  or  critical  crack  length, 
where  it  is  to  be  noted  that  gross  stress  equals 
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ultimate  strength  at  zero  crack  length,  and  gross 
stress  is  zero  when  the  crack  length  equals  the 
specimen  widths.  Where  the  critical  crack  length 
was  not  determined,  the  initial  fatigue  crack  length 
was  used.  From  the  gross  stress,  crack  length, 


and  other  fundamental  parameters  identifying  the 
specimen  type,  the  knowledgeable  designer  may 
calculate  the  fracture  toughness  indices  With 
some  engineering  judgrrunt,  he  may  also  estimate 
the  tolerable  crack  lengin  in  a  given  specimen. 


N.  kilocycles 


FIGURE  5-0.-;.  1-1.  CRACK- PROPAGATION  DATA  FOR  8-INCH-WIDE 
DUPLEX  ANNEALED  Ti-8Al-IMo-l  V  ALLOY  OF 
0.  050-INCH  NOMINAL  THICKNESS  AT  2S-KSI 
MEAN  STRESS  LONGITUDINAI  GRAIN 
DIRECTION!45) 


N,  kilocycles 


FIGURE  5-0.  d.  1-2.  CRACK-PROPAGATION  DATA  FJ)R  8-INCH- WIDE, 
DUPLEX- ANNEALED,  T1-8A1- IMo-l V  ALLOT  OF 
0.  050-INCH  NOMINAL  THICKNESS  AT  25-KSI 
MEAN  STRESS.  LONGITUDINAL  GRAIN 

DIRECTION'S) 


>1 


>  ■  ®^SSSjSsW«*!Ss»«9<«ff«ava«e9^vji<«!  wounm  -  •**  ««»* .  yws*r®aaf^«®ra  err*  ©  *KSS8S39WS?MCKSS®»S5 


5-0:67-7 


\ 

J 


i 


I 


t 

i 


0» 

c 

J 

JC 

o 

o 

w 

o 


N,  kilocycles 


FIGURE  5-0. 4.  1-3.  CRACK-PROPAGATION  DATA  FOR  8-INCH- WIDE,  DUPLEX- 
ANNEALED,  TI-8A1-  IMo-lV  ALLOY  OF  0. 250-INCH 
NOMINAL  THICKNESS  AT  25-KSI  MEAN  STRESS, 
LONGITUDINAL  GRAIN  DIRECTION*45) 
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FIGURE  S-0.4. 1-4.  CRACK-PROPAGATION  DATA  FOR  8-INCH- WIDE,  DUPLEX- 
ANNEALED,  T1-8A1- IMo-lV  ALItOY  OF  0.250-INCH 
NOMINAL  THICKNESS  AT  25-101  MEAN  STRESS, 
LONGITUDINAL  GRAIN  DIRECTION  <45> 


Crock  Length,  inches  Crock  Length,  h 
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FIGURE  5-0.4.  1-5.  CRACK-PROPAGATION  AT  ROOM  TEMPERATURE  FOR 
8-INCH- WIDE,  DUPLEX-ANNEALED,  Ti- 8 Al- 1  Mo- IV  OF  0.  200- 
INCH  NOMINAL  THICKNESS,  CYCLED  AT  A  MAXIMUM  STRESS  OF 
25-KSI,  TRANSVERSE  GRAIN  DIRECTION,  120  CPM(37) 
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FIGURE  5-0.4.  1-6.  CRACK- PROPAGATION  DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH-WIDE,  DUPLEX-ANNEALED,  Ti-8Al-lMo-I V  ALLOY 
SHEE  OF  0.  050-INCH  NOMINAL  THICKNESS  CYCLED  AT  A  MAXI¬ 
MUM  STRESS  OF  25-KSI,  LONGITUDINAL  GRAIN  DIRECTION,  120 
CPM<37> 
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FIGURE  5-0.4.  1-7.  CRACK-PROPAGATION  DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH-WIDE,  DUPLEX- ANNEALED,  Ti-8Al-lMo-l V  ALLOY 
SHEET  OF  0.  050-INCH  NOMINAL  THICKNESS  CYCLED  AT  A  MAXIMUM 
STRESS  OF  25-KSI,  TRANSVERSE  GRAIN  DIRECTION,  120  CPM<37) 


FIGURE  5-0. 4,1-8.  CRACK- PROPAGATION  DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH- WIDE,  DUPLEX- ANNEALED,  Ti-8Al-lMo-lV  ALLOY 
SHEET  OF  0. 050-INCH  NOMINAL  THICKNESS  CYCLED  AT  A  MAXIMUM 
STRESS  OF  30-KSI;  LONGITUDINAL  GRAIN  DIRECTION,  120  CPM(37> 


Crock  Length,  inches  Crock  Length 


N,  kilocycles 


FIGURE  5-0.4.  1-9.  CRACK- PROPAGATION  DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH-WIDE,  DUPLEX- ANNEALED,  TI-8AI-IM0-I V  ALLOY 
SHEET  OF  0.  050-INCH  NOMINAL  THICKNESS  CYCLED  AT  A  MAXIMUM 
STRESS  OF  30-KSI,  TRANSVERSE  GRAIN  DIRECTION,  120  CPM(3?) 


N,  kilocycles 


FIGURE  5-0, 4. 1-10.  CRACK- PROPAGATION  DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH-WIDE,  DUPLEX- ANNEALED,  Ti-SAl-lMo-lV  ALLOY 
SHEET  OF  0.  200-INCH  NOMINAL  THICKNESS  CYCLES  AT  A  MAXIMUM 
STRESS  OF  25-KSI,  LONGITUDINAL  GRAIN  DIRECTION,  120  CPM^?) 


'rack  Length,  inches 


5-0:67-11 


N,  kilocycles 


FIGURE  5-0.4.  1-11.  CRACK- PROPAGATION  DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH- WIDE,  MILL- ANNEALED,  TI-6AI-4V  ALLOY  SHEET 
OF  0.  050-INCH  NOMINAL  THICKNESS  CYCLED  AT  A  MAXIMUM 
STRESS  OF  25-K3I,  LONGITUDINAL  GRAIN  DIRECTION,  120  CPM<37> 


It  *  0.20 


N,  kilocycles 


FIGURE  5-0;  4. 1-12.  '  CRACK- PROPAGATION  'DATA  AT  ROOM  TEMPERATURE 
FOR  24-INCH-WIDE,  MILL- ANNEALED,  T1-6A1-4V  ALLOY  SHEET  Ol? 
0.950-INCHNCMINAL  THICKNESS  CYCLED  AT  A  MAXIMUM  STRESS  OF 
25-KSt,  TRANSVERSE  GRAIN  DIRECTION,  120  CPM(37} 
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FIGURE  5-0.4.  1-13.  CRACK- PROPAGATION  DATA  FOR  36-INCH-WIDE, 
DUPLEX- ANNEALED,  TI-8AI-IM0-IV  ALLOY  SHEET  OF  0,  032- 
INCH  NOMINAL  THICKNESS(33) 


FIGURE  5-0.4. 1-14.  CRACK-PROPAGATION  DATA  FOR  DUPLEX- A NNEA LED, 
Ti-SAl-lMo-lV  ALLOY  CYLINDER  (RADIUS  *  15  INCHES,  LENGTH  - 
60  INCHES)  Or  0.  050?INCH  NOMINAL  THICKNESS  AT  A  MAXIMUM 
CYCLIC  STRESS  OF  25-KSI  WITH  R  »  0(33) 
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nouns  5-0. 4. 1-15.  MACK  GROWTH  KATE  VBRSU S  AMPLITUDE- MEAN 
STRESS  RATIO  TOR  VARIOUS  LARGE  SPECIMENS 
AT  A  4- INCH  CRACK  LENGTH 
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FIGURE  5-0.  4.  1-16,  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF  Ti- 
6Al-4V,BETA-STA- 1250,  0,  OS 0- INCH-THICK  (CHEM  MILLED 
FROM  0.  063  Iach)  (73) 
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FIGURE  5-0.4.  1-17.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
TI-6A1-4V,  MILL-ANNEALED,  0.  063-lNCH‘THICK  (73) 
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FIGURE  5-0,  4.  1-18,  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF  Ti- 
6A1-4V,  DUPLEX  ANNEALED,  0.  133-INCH-THICK  (73) 
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FIGURE  5-0.  4. 1-19.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
T1-6A1-4V,  MILL-ANNEALED,  0.  Ic5- INCH-THICK  (73) 


CRACK  LENGTH,  h  (INCHES)  CRACK  LENGTH,  2»  ONCHES) 


5-0:67-16 


j 

!  O 


0  12  3  4  5  6  18  9 


N,  kilocycle* 

FIGURE  5-0.  4.  1-20.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6A1-4V,  DUPLEX-ANNEALED,  0.  133- INCH-THICK  (73) 
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FIGURE  5-0. 4.  3-21.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6A1-4V,  DUPLEX-ANNEALED,  0. 133- INCH-THICK  (73) 


CRACK  LENGTH,  h  (INCHES) 
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FIGURE  5-0.  4.  1-22.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6Al-4V,  BETA-STA-1250,  0.  133-INCH-THICK  (73) 
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FIGURE  5-0.  4. 1-23.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6Al'4V,  BETA-STA-1250,  0.133-INCH-THICK  (73) 
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FIGURE  5-0.  4.  1-24.  FaTIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6Al-4V,  BETA-STA-1250,  0.  133-lNCIt '’'HICK  (73) 
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FIGURE  5-0.4. 1-25.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
T1-6A1-4V,  BETA-STA-1000,  0.25-INCH-THICK  (73) 
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FIGURE  5-0.  4.  1-26.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6A1-4V,  BETA-STA-1250,  0.  25-INCH-THICK  (73) 
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FIGURE  5-0.  4.T-27.  FATIGUE- CRACKvGROWTH  BEHAVIOR  OF 
T1-6A1-4V,  BETA-STA-1250,  0.  25-INCH-THICK  (73) 


CRACK  LENGTH,  2*  (INCHES) 
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FIGURE  5-0. 4. 1-28.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-6A1-4V,  BE'(  A-3TA-1000,  0.  5- INCH-THICK  (73) 


N,  kilocycles 


FIGURE  5-0.4.  1-29.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
T1-6A1-4V,  BETA-STA-1000,  0.5-INCH-THICK  (73) 


CRACK  LENGTH,  2a  (INCHES) 
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FIGURE  5-0. 4.  1-30.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
T1-6A1-4V,  BET A-STA- 1250,  0.500-INCH-THICK  (73) 
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FIGURE  5-0. 4. 1-31.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
TI-4A1- 3Mo- IV,  DUPLEX-ANNEALED,  0.500-INCH- 
THICK  (73) 
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FIGURE  5-0.  4.  1-32.  FATIGUE-CRACK  GROWTH  BEHAVIOR  CF 
Ti-4Al-3Mo-lY,  BETA-STA- 1150,  0.  16-INCH- THICK  (73) 
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FIGURE  5-0. 4. 1-33.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-4Al-3Mo-lV,  BETA-STA- 1150,  0.  16-INCH-THICK  (73) 


CRACK  LENGTH,  2»  (INCHES) 
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FIGURE  5-0.  4. 1-34.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 

Ti-4 Al- 3Mo- IV,  BETA-STA-1150,  0.500-INCH-THICK  (73) 


FIGURE  5-0. 4. 1-35.  FATIGUE-CRACK  GROWTH  BEHAVIOR  OF 
Ti-4Al-3Mo-lV,  BETA’STA-1150,  0.  500-INCH-THICF.  (73) 
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FIGURE  5-0. 4. 1-3G.  COMPARISON  OF  ENVIRONMENTAL  FATIGUE- 
CRACK  GROWTH  RESULTS  FOR  T.<-6Ai-4V  (73) 
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FIGURE  5-0. 4. 1-37.  COMPARISON  Or  ENVIRONMENTAL 
FATIGUE-CRACK  GROWTH  RESULTS  rOR  Ti- 
4Al-jMo-lv"3' 
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FIGURE  5-0.  *.  1-40.  t ATIGUE-CRAC5C  GROWTH  CURVES  FOR 
Ti-SAl-lMo-lV  DUPLEX- ANM&A  LED,  TESTED  IN 
AIR  OR  UNDER  ALTERNATE  THERMAL  AND  SEAWATER 
SOAKING.  Sm  *  25-fcri  (173  MN/m2)  (t  =  0. 05^  inch)  (75) 
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TABLE  5-0.4.2-1.  SUMMARY  OF  PLANE-STRAIN  FRACTURE-TOUGHNESS  DATA(69>73»76*77) (a) 


Grain  Direction: 

longitudinal 

Specimen  Type: 

Notch  Bend 

Test  Temperature: 

Room 

Heat 

Thickness, 

_  ^material 

Product 

Treatment 

inch 

TUS 

TYS 

Klc 

Kn 

*tT 

T1-6A1-4V 

Plate 

MA 

0.25 

DA 

0.25 

B-STA-1000 

0.500 

i 

B-STA-1250 

0.500 

Tee 

MA 

0.50-1.00 

142.3 

124.3 

89.6 

65 

Extrusion 

STA-1000 

163.5 

146.9 

65.8 

46 

(beta  processed) 

STA-1250 

0.50-1.0 0 

154.4 

139.4 

77.8 

60 

Angle 

MA 

0.25-0.50 

141,8 

128.9 

83.3 

73 

Extrusion 

STA-1000 

0.25-0.50 

lbO.O 

145.7 

67.3 

51 

(beta  processed) 

STA-1250 

0.25-0.50 

151.1 

140.3 

71.5 

70 

Forging 

^-Anneal 

0.70 

142.1 

12B.7 

90.7 

-Anneal 

0.70 

144.6 

56.3 

* -STA-1000 

0.70 

167.8 

146.0 

69.8 

»*  b -STA-1000 

0.70 

167.1 

154.3 

45.2 

Ti-4Al-3Mo-lV 

Plate 

DA 

0.500 

#-STA-1150 

0.500 

f-STA-1050 

0.5G0 

T1-8A1-1XO-1V 

Plate 

DA 

0.25 

13q(*> 

120  M 

127 

DA 

0.50 

130 M 

120(e) 

111 

37(c) 

(a)  TUS,  TYS,  and  Klc  are  average  values  of  froe  one  to  four  frtecimens,  generally 
one  heat.  Units  are  kal  (1000  pal)  for  TUS  and  TYS;  ksl-Vin  f or  £jc“asuS  Xjj. 

la  an  estimated  minimum  value,  after  6  hours'  exposure.  Interpolated  fro* 
time  plota  of  auatalsed  load  teats. 

(b)  Heat  .treatments  are  described  In  Section  5-4.0  for  T1-6A1-4V  end  in  Section 

;  *  5-3.0  for  Ti-SAl-lMo-lV. 

a 

(c)  Three-hour  exposure  tlxe  in  salt  water. 

(d;  Average  of  four  beats  within  HIL-T-9046  specification  chemietry. 

(e)  Tentative  A  values  for  MIL-HDBK-5. 


o 
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TABLE  5-0.4.2-2.  SUMMARY  OF  RESIDUAL  STRENGTH  DATA(73»73)  (a)W 


Grain  Directions 

Specimen  Types 

Center 

Test  Temperatures 

Room 

Treatment^) 

Thickness. 

Material 

Product 

inch 

TUS 

TYS 

F 

F 

K 

9 

g«w 

c 

T1-6A1-4V 

Strip 

MA 

0.021 

147 

135 

77Cdl 

6D«> 

140Cdl 

Sheet 

MA 

0.060 

143.8 

137.7 

58 

158 

MA 

0.125 

137.5 

133.0 

63.2 

172 

DA 

0.060 

131.5 

125.3 

48.1' 

131 

DA 

0.125 

142.0 

132.1 

60.1 

163 

0-STA-125O 

0.050 

152.5 

147.1 

41.8 

115.2 

P-STA-1250 

0.125 

157.1 

139.0 

49.5 

134.0 

Plate 

0-STA-1OOO 

0.250 

174.3 

157.9 

46.0 

124 

0-STA-1OOO 

0.500 

172.0 

155.0 

30.0 

81 

p-STA-1250 

0.250 

159.9 

145.7 

38.8 

105.5 

B-STA-1250 

0.500 

159.5 

142,2 

47.3 

129 

T1-4A1-3M0-1V 

Sheet 

DA 

0.050 

127.1 

118.3 

71.8 

194.8 

p-STA-1150 

0.160 

151.7 

134.9 

46.7 

126,8 

Plate 

JhSTA-1150 

0.500 

168.6 

146.7 

33.7 

92.1 

Ti-8Al-lMo-lV 

Strip 

MA 

0.016 

146 

129 

78« 

66<d> 

142  W) 

(a)  TUS,  TYS,  Fg  and  Kc  are  average  values  of  up  to  five  heats. 

•  F  and  K  are  estimated  minimum  values  after  six  hours'  exposure. 
gSM  csw  r 

(b)  Heat  treatments  are  described  in  Section  5-4.0  for  T1-6A1-4V  and  in  Section  5-3.0 

for  Ti-8Al-lMo-JV. 
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TABLE  3-0.4. 2-2  Continued 

ransverse 


Cracked  Specimen 


L  -65  F  _ 

TUS 

TYS 

160.0 

154.4 

47.9 

130 

155.8 

152.4 

50.1 

132 

143.6 

136.5 

46.1 

125 

158.0 

153.1 

56.9 

157 

173.5 

165.9 

36.5 

99.1 

172.4 

157.5 

39,0 

106 

187.1 

166.7 

25.1 

68.3 

189.5 

173.8 

28.3 

76.8 

173.5 

170.7 

35.7 

96, >8 

176.9 

164.6 

43.1 

142.7 

133.4 

69 

187 

171.7 

152.7 

43.1 

117 

184.6 

163.5 

30.4 

82.3 

Lonaitudinal 


Center  Cracked  Specimen 


R 


TUS  TYS 


14  |(dj  125OU57W)  48^)  104^1 


136  72 


'c^  12  x  36-inch  specimen  with  4.2-inch  fatigue  crack  except  as  noted  by  footnote  d. 

TUS.  TYS.  Fg  and  Fm*  are  reported  in  units  of  ksl  (1000  psi)t  for 

K  and  K  the  units  are  ksi-VUTo 
c  cw 

(d>  8  x  24-lneh  specimen  with  2-inch  fatigue  crack.  F  .  and  K  are  for 
3-hour  exposure  time  ia  salt  water.  9 
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EXPOSURE  TEMPERATURE 

fractured  firm 


ROOK 


500*  F 


s:r  r 


\ 


Thousands  of  Hours'  Exposure  at  Temperature 

FIGURE  5-0. 4. 2-3  EFFECT  OF  UNSTRESSED  THERMAL  EXPOSURE  ON  DELAYED  FRACTURE  OF 
8-INCH-WIDE  T1-6AI-4V  SHEET  SPECIMENS  WITH  A  2-INCH  CRACK. <'*> 

Transverse  Grain  Dir set Ion 


Thousands  of.  Hours'  Exposure  at  Temperature 

FICU3E  5-0.4. 2-4  EFFECT  OT  UNSTRESSED  THERMAL  EXPOSURE  ON  DELATED  FRACTURE  OF 
8 -INCH- WIDE  T1-8A1-1MO-1V  SHEET  SPECIMENS  WITH  A  2-INCH 
CRACK. <7*> 


Transverse  Grain  Dl7  *stlon 


5-1  Commercially  Pure  Titanium 


5-1.0  SPECIFICATIONS  AND  FORMS 


5-1.2  ENVIRONMENTAL  EFFECTS 


This  section  covers  commercially  pure  ti¬ 
tanium  of  the  following  specifications  and  forms: 

Specification  _ Forms _ 


5-1.2. 1  Elevated- Temperature  Effects 

The  effect  of  temperature  data  are  presented 
in  Figures  5-1.  2.  1-1  through  5-1.  2.  1-6. 


MIL-T-9046  Sheet,  strip,  and  plate 

MIL-T-9047  Bars  and  forgings 

MIL-H-81200  Heat  treatment,  all  forms 

5-1.1  ROOM-TEMPERATURE  DESIGN  MECHANI¬ 
CAL  PROPERTIES 

Table  5-1. 1-1  summarizes  the  design  me¬ 
chanical  properties  of  commercially  pure  titanium 
at  room  temperature. 


5-1.2.  3  Stress-Strain  and  Tangent- Modulus  Curves 

Typical  full-range  stress-strain  curves  at 
room  temperature  for  two  grades  are  presented 
in  Figures  5-1.  2.  3-1  and  5-1.  2.  3-2. 

5-1.4  THERMOPHYSICAL  EFFECTS 

The  effect  of  temperature  on  physical  proper¬ 
ties  is  displayed  in  Figures  5-1.  4-1  through 
5-1. 4-4. 


MIL-T-9046  TYPE  I 
£ opposition  A  I  Composition  B 


Sheet,  strip,  and  plate 


Annealed 


Cweppitiyn.fi 


MIL-T-9047  TYPE  I 

CW<>t!T.i9fl.A - 

Bars  and  forgings 


Annealed 


S3.0 


ft  5 


80 


Fty,  kal 


40 


70 


55 


70 


Fey,  ksl 


40 


70 


;,  ICS!.... 
u,  kal: 

/D  -  1.5) 
/D  -  2.0) 
k,l; 

70  -  1.5) 

/D  -  2.01 


e,  per  cent: 

In  2  In.... 
In  4  D  .... 


*,  106  pel. 
Ke,  1C*  psl 
G,  10®  pel 
»» . 


«,  lb/in.3 


15.5 

16.0 

6.0 

0.32 

0.163 


Values  In  parentheses  ()  ere 
tentative  values. 


Thickness  0. 025  inch  and  over, 


tf 


FICURE  5-1.2. 1-1.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  TENSILE 
STRENGTH  (F^)  OF  ANNEALED,COMMERCIALLY  PURE 
TITANIUM 


FIGURE  5-1. 2.1-2»  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  YIELD  STRENGTH 
\T^)  OF  ANNEALED, COMMERCIALLY  PURE  TITANIUM 
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FIGURE  5-1. 2. 1-3.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  (F  >  OF  ANNEALED, COMMERCIAL!. Y  PURE 
TITANIUM  1 


FIGURE  5-1. 2.1-4,.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  (Fiu)  OF  ANNEALED.  COMMERCIALLY  PURE 
TITANIUM 


Per  Cent  F.  u  of  Room  Temperature  *  Per  Cent  F.  at  Room  Temperature 


jXtTiTr 


FIGURE  5-1.  2.  3-1.  TYPICAL.  FULL-RANGE  STRESS-STRAIN  CURVES  FOR  COMMERCIALLY  PURE  TITANIUM 
SHEET  {40-kei  yield)  AT  ROOM  TEMPERATURE*47' 
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Temperature,  F 

FIGURE  5-1. 4-1.  EFFECT  OF  TEMPERATURE  ON  THE  SPECIFIC  HEAT  (C) 
OF  COMMERCIALLY  PURE  TITANIUM,  COMPOSITIONS 
B  AND  C<6> 


FIGURE  5-1. 4-1.  EFFECT  OF  TEMPERATURE  ON  THE  THERMAL 
CONDUCTIVITY  (K)  OF  COMMERCIALLY  PURE 
TITANIUM,  COMPOSITIONS  B  AND  C<6) 
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FIGURE  5- 1.4-3.  MEAN  LINEAR  COEFFICIENT  OF  THERMAL  EXPANSION  (a) 
OF  COMMERCIALLY  PURE  TITANIUM,  COMPOSITIONS  B 
AND  C,  BETWEEN  ROOM  TEMPERATURE  AND  THE 
INDICATED  TEMPERATURE^) 
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Temperature,  F 

FIGURE  5- 1.4-4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  (P)  OF  COMMERCIALLY  PURE 
TITANIUM,  COMPOSITIONS  B  AND  C(*>) 

Note:  The  figure#  on  thia  page  differ  from  corresponding  values 
in  MIL-HD3K-5. 


5-2  Titanium  Alloy  Ti-5AI-2.5Sn 


5-2:67-1 


5-2.0  SPECIFICATIONS  AND  FORMS 


5-2.  2. 4  Creep  Effect! 


This  section  covers  titanium  alloy  Ti-5Ai- 
2.  5Sn  of  the  following  specifications  and  forms: 


Specification 


Form 


MIL- T- 9046 
MIL-T-9047 

MIL-H-61200 


Sheet,  strip,  and  plate 
Bars  and  forgings 
Extrusions 

Heat  treatment,  all  forms 


5-2.  1  ROOM- TEMPERATURE  DESIGN  MECHANI¬ 
CAL  PROPERTIES 


Table  5-2.  1-1  summarises  the  design  me¬ 
chanical  properties  of  titanium  alloy  Ti-5Al- 
2.  5Sn  at  room  temperature. 


Creep  data  are  presented  in  Figure  5-2.  2.  4-1 

5-2.  2.  5  Fatigue  Effects 

A  constant-life  diagram  for  fatigue  behavior 
is  presented  in  Figure  5-2.  2.  5-1. 

5-2.4  THERMOPHYSICAL  EFFECTS 

Thermophysical  effects  data  are  presented 
in  Figures  5-2.  4-1  through  5-2.  4-4. 

5-2.  2  ENVIRONMENTAL  EFFECTS  FOR 
ANNEALED  MATERIAL 


5-2.  2. 1  Elevatt-d  Temperature  Effects 


The  effect  of  temperature  ds?;-.  are  pre¬ 
sented  in  Figures  5-2.  1-1  through  5-2.  2.  1-8. 
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FIGURE  5-2.  2. 1-3.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  (Fcy)  OF  ANNEALED  T1-5A1-2.  5Sn  ALLOY 
SHEET;  TENTATIVE  FOR  PLATE,  BARS,  AND  FORGINGS 
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FIGURE  5-2.  2. 1-4.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  (Fsu)  OF  ANNEALED  T1-5A1-2,  5Sn  ALLOY 
SHEET;  TENTATIVE  FOR  PLATE,  BARS,  AND  FORGINGS 
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FIGURE  5-2.  2. 1-5.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  BEARING 
STRENGTH  (Fbru)  OF  ANNEALED  T1-5A1-2.  5Sn  ALLOY 
SHEET;  TENTATIVE  FOR  PLATE,  BARS,  AND  FORGINGS 
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FIGURE  5-2.  2. 1-6.  EFFECT  OF  TEMPERATURE  ON  THE  BEARING  YIELD 
STRENGTH  (Fbry)  OF  ANNEALED  T1-5A1-2.  5Sn  ALLOY 
SHEET;  TENTATIVE  FOR  PLATE,  BARS,  AND 
FORGINGS 
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FIGURE  5-2.  2.  4-1.  TYPICAL  CREEP  PROPERTIES  OF  ANNEALED  Ti- 
2.  5Sn  ALLOY  SHEET  AT  800  AND  1000  F*1*) 
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riOURE  5-2.  2.  5-1.  PARTIAL  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  MILL 
ANNEALED  TI-5AI-2,  5Sn  ALLOY  SHEET  AT  ROOM 
TEMPERATURE^) 

Note:  This  figure  not  Included  in  MIL-HDBK-5. 


5-2 


FIGURE  5-2. 4-1.  EFFECT  OF  TEMPERATURE  ON  THE  SPECIFIC  HEAT  (C) 
OF  Ti-SAl-2.  5Sn<2) 


FIGURE  5-2. 4-2.  EFFECT  OF  TEMPERATURE  ON  THE  THERMAL  CONDUCTIVITY 
(K)  OF  Ti-5Al-2.  5Sn(2) 
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FIGURE  5-2,  4-4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  IP)  OF  Ti-5Al-2.  5Sn(2) 
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5-3.0  SPECIFICATIONS  AND  FORMS 


This  section  covers  titanium  alloy  Ti-8Al- 
lMo-lV  of  the  following  specifications  and  forms: 


Specification 


Form 


MIL-T-9046  Sheet,  strip,  and  plate 

-  Extrusions 

MIL-H-81200  Hear,  treatment,  all  forms 


At  the  present  time,  a  variety  of  modified  and 
developmental  heat  treatments  are  being  investi¬ 
gated  in  order  to  obtain  improved  fracture  resis¬ 
tance  in  this  alloy.  The  following  heat  treatments 
are  of  special  interest: 


Designation 


Description  of  Heat  Treatment 


Fall  anneal  (S,P>*  1430  to  1470  F/8  hr  (MIL-H- 

81200} 

Full  anneal  (B,F)  1650  to  1850  F/l  hr/WO  or  AC 

6  1050  to  1100  F/8  hr/AC 
(MIL-H-81200) 

Single  anneal  (S,P)  1435  to  1465  F/l  to  8  hr/FC  to 
700  F  (MIL-H-81200) 

Duplex  anneal  (S,P)  1435  to  1465  F/l  to  8  hr/FC  to 
700  F+  1435  to  1465  F/l/4 
to  1  hr/ AC  (MIL-H-81200) 

Duplex  anneal  (B,F)  1650  to  1850  F/3/4  to  1  1/4 
hr/WQ  or  AC  4  1000  to  1125 
F/8  to  24  hr/AC  (MIL-H- 
81200) 

Modified  duplex  an-  1650  to  1675  F/50  to  65  min.  / 
neal  (B,F>,  (mini-  WQ  or  AC  4  1100  to  1  i 25  F/7 
mum  distortion)  to  9  hr/AC  (MIL-H-81200) 

Modified  duplex  an-  1825  to  1850  F/50  to  65  min.  / 
neal  (B,r)  (max.  WQ  or  AC  +  1100  to  1125  F/7 
creep  resistance)  to  9  hr/AC  (MIL- K- SI  205) 


Several  of  the  heat  treatments  listed  al*ive 
are  being  employed  for  extrusions,  depending  on 
section  sice. 


5“  3.  2.  3  Stress-Strain  and  Tangent  Modulus  Curves 

Typical  tensile  and  compressive  stress-strain  • 
curves  for  room  and  elevated  tempc  matures  are 
presented  in  Figures  5-3.  2.  3-1  through  5-3.  2.  3-4. 
Typical  compressive  tangent-modulus  curves  are 
presented  in  Figures  5-3.  2.  3-5  and  5-3.  2.  3-6. 

5-3.  2.  5  Fatigue  Effects 

'  ■** 

An  S-N  diagram  for  fatigue  behavior  is-pre— 
s  entad  in  Figure  5-3. 2. 5- 1. 


5—3.  2. 6  Residual  Strength  Data 

Residual-strength  data  are  presented  in  Figure 
5-3. 2.6-1.  ^ 

5-3-3  ENVIRONMENTAL  EFFECTS  FOR  DUPLEX- 
ANNEALED  material'  “ 

5“3.  3.  I  Elevated  Temperature  Effects 

Effect  of  temperature  data  a.  e  presented  in 
Figures  5-3.  3.  1-1  through  5-3.  3.  1-7. 

5~3*  3-  3  Stress-Strain  and  Tangent  Modulus  Curves 

Typical  tensile  and  compressive  stress- strain 
curves  for  room  and  elevated  temperatures  are 
presented  in  Figures  5-3.  3.  3-1  through  5-3.  3.  3-4. 
Typical  compressive  tangent  modulus  curves  are 
presented  in  Figures  5- J.  3.  3-5  through  5-3.  3.  3-6. 

5-3.  3.  5  Fatigue  Effects 

Constant  life  diagrams  for  fatigue  behavior  are 
presented  in  Figures  5-3.  3.  5-1  through  5-3.  3.  5-6. 
Data  from  exposed  and  unexposed  specimens  have 
been  utilised.  Data  for  5000  hour,  25  ksi  stressed 
expsiurc  at  400  F  and  650  F  have  been  included. 
These  data  are  not  applicable  beyond  the  environ¬ 
mental  limits  indicated. 


5*3.  I  ROOM-TEMPERATURE  DESIGN  MECHANI¬ 
CAL  PROPERTIES 


Figures  5-3.  3.  5-7  and  5-3.  3.  5-8  present  S-N 
diagrams  for  high  notch  factors. 


Table  5-3.  1-1  summarises  the  design  mechani¬ 
cal  properties  of  mill-annealed  Ti-8Al-lMo-l V  al¬ 
loy.  Duplex- annealed  properties  are  summarised  in 
Table  5-3. 1-2. 

5-3.  H  ENVIRONMENTAL  EFFECTS  FOR  MILL- 
ANNEALED  MATER  IaTT 

5-3.  2.  1  Elevated-Temperature  Effects 

Effect  of  temperature  data  are  presented  in 

Figures  5-3.  2. 1- 1  and  5-3.  2. 1-2, 


5-3. 3. 6  Residual  Strength  Data 

Residual  strength  data  are  presented  in  Figures 
5-3.  3. 6-1  and  5-3.  3. 6-2. 

5-3.4  Thermophysical  Effects 

effect  of  temperature  on  physical  properties 
is  displayed  in  Figures  P-3. 4-2  through  5-3.  4-4. 


♦Product  forms  designated  by  5  (sheet),  P  (plate) 
B  (bar),  F  (forging),  and  E  (extrusion). 
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MMpr 


Condition. 


Thickness  or  diameter-,  In 


Mechanical  properties: 


Pbru,  list: 

(e/D  *■  1.5) 
(e/D  «  2.0) 


MIL-T-9046  Type  II  Composition  F 


Sheet  and  strip 


Values  In  parenthtses  ()  ore 
tentative  values 


*>,  lb/ln.3 


^Thickness  0.025  Inch  and  over. 


y  vary  with  grain  direction. 
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TYPICAL  TENSILE  STRESS-STRAIN  CURVES  FOR 
MILL-ANNEALED  Ti-8A1-  IMo- 1 V  ALLOY  SHEET 
AT  ROOM  AND  ELEVATED  TEMPERATURES 


FIGURE  3-3.  2. 3-1. 
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Strain,  Q00l  in/in. 

TYPICAL  TENSILE  STRESS-STRAIN  CURVES  FOR 
MILL- ANNEALED  T1-8AI- IMo- 1 V  ALLOY  SLEET 
AT  ROOM  AND  ELEVATED  TEMPERATURES 


Sire**,  1000  psi  Stress,  1000  psi 
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Strain*  0.001  in /in. 


IGURE  5-3.  2. 3-3.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
MILL-ANNEALED  Ti-8Al-lMo-lV  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 


Strain,  QOOI  in  /in. 

FIGURE  5-3. 2.  3-4.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
MILL-ANNEALED  Ti-8A1-  IMo- 1 V  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-3.  2.  3-5.  TYPICAL  COMPRFSSIVE  TANGENT- MODULUS  CURVES  FOR 
MILL- ANNEALED  TL-8A1- IMo- IV  ALLOY  SHEET  AT  ROOM 
AND  ELEVATED  TEMPERATURES 


Tangent  Modulus,  !06  psi 


FIGURE  5-3.  2.  3  6.  TYPICAL  COMPRESSIVE  TANGENT-MODULUS  CURVES  FOR 
MILL- ANNEALED  T1-8AI- IMo- 1 V  ALLOY  SHEET  AT  ROOM 
AND  ELEVATED  TEMPERATURES 


Gross  Strtss,  ksi 


FIGURE  5-3.  2.5-1. 


S-N  DIAGRAM  FOR  MILI ANNEALED  Ti-8Al-lMo-l  V  SHEET 


AT  ROOM  TEMPERATURE  WITH  A  MEAN  STRESS  OF  25 
KSi(39) 


FIGURE  5-3.  2.  6-1.  RESIDUAL  STRENGTH 
DATA  FOR  8-INCH- WIDE  MILL  ANNEALED 
Ti-8Al-lMo-l  V  ALLOY  SHEET  OF  0.  040- 
XNCH  NOMINAL  THICKNESS*24’  27) 
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FiGURE  5-3.  3.  1-5.  EFFECT  OF  TEMPERATURE  FIGURE  5-3.  3.  1-6.  EFFECT  OF  TEMPERATUH 

ON  THE  ULTIMATE  BEARING  STRENGTH  ON  THE  BEARING  YIELD  STRENGTH 

(Fbru)  OF  DUPLEX- ANNEALED  T1-8A1-  (Fbry)  OF  DUPLEX- ANNEALED  Ti-8Al- 

lMo-lV  ALLOY  SHEET<35,41)  IMo-lV  ALLOY  SHEET'35'41) 
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FIGURE  5-3.  3.  3-2. 


TYPICAL  TEWSILE  STRESS-STRAIN  CURVES  FOR  DUPLEX- 
ANNEALED  Ti-8A1-  IMo- 1 V  ALLOY  SHEET  AT  ROOM  AND 
ELEVATED  TEMPERATURES 
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FIGURE  5-3.  3.  3-3 


TYPICAL  COMPRESSIVE  STRESS- STRAIN  C'~RVtS  FOR 
DUPLEX-ANNEALED  T>- 6Ai- lUf- 1  *  ALLOY  SHEET  AT 
ROOM  AND  ELEVAtCD  T  EVCPE? A~UREL 
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5-3.  3.  3-4.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
DUPLEX- ANNEALED  Ti-8A1- IMo- 1 V  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 
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3.  3.  3-5.  TYPICAL  COMPRESSIVE  TANGENT- MODULUS  CURVES  FOR 
DUPLEX- ANNEALED  TI-8A1-  IMo- 1 V  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-3.  3.  3-6.  TYPICAL  COMPRESSIVE  TANGENT- MODULUS  CURVES  FOR 
DUPLEX-ANNEALED  Ti-8A1- IMo- 1 V  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-3.  3.  5-1.  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  DUPLEX- 

ANNEALED,  UNNOTCHED,  Ti-8Al-lMo-l V  ALLOY 
SHEET  AT  ROOM  TEMPERATURE  IN  EXPOSED  AND 
UNEXPOSED  CONDITIONS*43) 
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FIGURE  5-3.  3.  5-2.  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  DUPLEX- 

ANNEALED,  NOTCHED,  T1-8A1-1MO-1V  ALLOY 
SHEET  AT  ROOM  TEMPERATURE  IN  EXPOSED  AND 
UNEXPOSED  CONDITIONS*43) 
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FIGURE  5-3.  3.  5-4.  CONSTANT-LIFE  FATIGUE  DIAGRAM  FCR  DUPLEX-ANNEALED 

NOTCHED  Ti-8AI-IMo-lV  ALLOY  SHEET  AT  400  F  IN  EXPOSED 
AND  UNEXPOSED  CONDITIONS^43) 
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FIGURE  5-3. 3. 5-5.  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  DUPLEX- ANNEALED, 
UNNOTCHED,  T1-8AI-1M0-1V  ALLOY  SHEET  AT  650  F  IN 
EXPOSED  AND  UNFXPOSED  CONDITIONS ( 43 ) 
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FIGURE  5-3. 3. 5-6.  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  DUPLEX- ANNEALED, 
NOTCHED,  TI-8AI-IM0-IV  ALLOY  SHEET  AT  650  F  IN 
EXPOSED  AND  UNEXPOSED  C0NDITI0NS(43) 
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FIGURE  5-3.  3.  C-7.  S-N  DIAGRAM  FOR  EDGE-NOTCHED  (Kt  =  6.  0,  r  =  0.  010) 

SPECIMENS  OF  DUPLEX -ANNEALED  Ti-8Al-lMo-l  V 
ALLOY  WITH  A  MEAN  STRESS  OF  25  KSI<28) 
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FIGURE  5-3.  3.  5-8.  S-N  DIAGRAM  FOR  EDGE-NOTCHED  (Kt  =  17.  3,  r  s  0.  001) 
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FIGURE  5-3.  3. 6- 1.  RESIDUAL  STRENGTH 
DATA  FOR  8-INCH- WIDE,  DUPLEX- 
ANNEALED,  Ti-8Al-lMo- IV  ALLOY 
SHEET  OF  0.050-INCH  NOMINAL 
THICKNESS^3?,  41,  44) 


FIGURE  5-3.  3. 6-2.  RESIDUAL  STRENGTH 
DATA  FOR  24-INCH- WIDE,  DUPLEX- 
ANNEALED,  Ti-8Al-lMo-lV  ALLOY 
SHEET  OF  0  050-INCH  NOMINAL 
THICKNESS'"' 
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FIGURE  5-3. 4-4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  <P)  OF  T1-8AI- IMo-  1  V<29> 
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5-4  Titanium  Alloy  TS-6A1-4V 


5-4.0  SPECIFICATIONS  AND  FORMS 

This  section  covers  titanium  alloy  Ti-6A1- 
4V  of  the  following  specifications  and  forms: 

Specification  _ _ Form _ 

MIL- T- 9046  Sheet,  strip,  and  plate 

MIL- T- 9047  Bars  ar.d  forgii.gs 

AMS  4928,  4967  Bars  and  forgings 
AMS  4935  Extrusions 

MIL-H-81200  Heat  treatment,  all  forms 

At  the  present  time,  a  variety  of  modified  and 
developmental  heat  treatments  are  being  investi¬ 
gated  in  order  to  obtain  improved  fracture  resis¬ 
tance  in  this  alloy.  The  following  heat  treatments 
are  of  special  interest: 


Designation 


Anneal  (S,P) 

Anneal  (B,F,E) 

Solution-treated 
and  aged  (1000 
F)  (all) 

Solution-treated 
and  aged  (1250 
F)  (all) 

Beta  processed 
(P,B,F,E) 


Description  of  Heat  Treatment 


1300  to  1350  F/l  hr/FC  (<_50 
F/hr)  to  800  F  (MIL-H-81200) 
1275  to  1325'  F/2  hr/FC  to  1000  F 
(AMS  4928) 

1725  to  1775  F/5  min.  to  1  hr/WQ 
or  AC  +  985  to  1015  F/4  to  8  hr/ 
AC  (MIL-H-81200) 

1725  F/10  min.  /WQ  +  1250  F/4 
hr/AC 

Hot-worked  above  the  beta  tran- 
8us  (alternate:  heat  at  1850  to 
1900  F/30  min. /AC) 

Note:  beta  processing  is  followed 
by  one  of  above-listed  heat 
treatments. 


Several  of  the  above  heat  treatments,  as  well 
as  modifications  of  these,  have  been  used  with  bars 
and  extrusions. 

5-4.  1  ROOM- TEMPERATURE  DESIGN  MECHANI¬ 
CAL  PROPERTIES 

Table  5-4.  1-1  summarizes  the  design  me¬ 
chanical  properties  of  annealed  titanium  alloy 
Ti-6A1-4V  at  room  temperavure.  Properties  for 
solution- treated  and  aged  ("heat-treated")  pro¬ 
ducts  are  summarized,  in  Table  5-4.  1-2,  Pro¬ 
perties  for  beta-processed  material  in  each  of 
several  heat-treated  conditions  are  tabulated 
separately  in  Table  5-4.  1-3. 

5-4.2  ENVIRONMENTAL  EFFECTS  FOR  ANNEAL¬ 
ED  MATERIAL 

5-4.  2.  1  Elevated- Temperature  Effects 

Data  on  the  effects  of  temperature  are  pre¬ 
sented  in  Figures  5-4.  2.  1-1  through  5-4.  2.  1-8. 

5-4.  2.  3  Stress-Strain  Curves 


presented  ir.  Figure  5-4.  2.  3-1.  A  typical  full- 
range  stress-strain  curve  at  room  temperature  is 
presented  in  Figure  5-4.  2,  3-2. 

5-4.  2.5  Fatigue  Effects 

A  constant-life  diagram  for  fatigue  behavior 
is  presented  in  Figure  5-4.  2.  5-i.  A  typical  S-N 
diagram  for  notched  specimens  is  presented  in 
Figure  5-4.  2.  5-2.  A  typical  S-N  diagram  for 
beta-processed  and  annealed  extrusions  at  room 
temperature  ie  presented  in  Figure  5-4.  2.  5-3. 

5-4.  2.  6  Residual  Strength  Data 

Residual-strength  data  are  presented  in 
Figures  5-4.  2.  6- 1  and  5-4.  2.  6-2. 

5-4.3  ENVIRONMENTAL  EFFECTS  FOR 

SOLUTION-TREATED  AND  AGED  MATERI¬ 
AL 

5-4.  3.  1  Elevated- Temperature  Effects 

The  effect  of  temperature  data  are  presented 
in  Figures  5-4.  3.  1-1  through  5-4.  3.  1-8. 

5-4.  3.  3  Stress-Strain  and  Tangent  Modulus  Curves 

Typical  tensile  and  compressive  stress-sUain 
curves  for  room  and  elevated  temperatures  are  pre¬ 
sented  in  Figures  5-4.  3.  3-1  through  5-4.  3.  3-3. 
Typical  compressive  tangent  modulus  curves  are 
presented  in  Figures  5-4.  3.  3-4  and  5-4.  3.  3-5.  A 
typical  full-range  stress- strain  curve  at  room  tem¬ 
perature' is  presented  in  Figure  5-4.  3.  3-6. 

5-4.  3.4  Creep  Effects 

Creep  data  are  presented  in  Figure  5-4.  3.  4-1, 

5-4.  3.  5  Fatigue  Effects 

Constant-life  diagrams  for  fatigue  behavior 
at  room  and  elevated  temperatures  are  presented  in 
Figures  5-4.  3.  5-1  through  5-4.  3.  5-3.  A  typical 
S-N  diagram  for  unnotched  forgings  is  presented 
in  Figure  5-4.  3.  5-4.  A  typical  S-N  diagram  for 
notched  specimens  is  presented  in  Figure  5-4.  3.  5-5. 
A  typical  S-N  diagram  for  beta-processed  +  solution- 
treated  and  aged  (1000  F)  extrusions  at  room  tem¬ 
perature  is  presented  in  Figure  5-4.  3,  5-6.  A 
typical  S-N  diagram  for  beta-processed  +  solution- 
treated  and  aged  (1250  F)  extrusions  at  room  tem¬ 
perature  is  presented  in  Figure  5-4.  3.  5-7, 

5-4,4  THERMOPHYSICAL  EFFECTS 

The  effect  of  temperature  on  physical  pro¬ 
perties  is  displayed  in  Figures  5-4.  4-1  through 
5-4.  4-4. 


Typical  tensile  stress-strain  curves  for 
cryogenic,  room,  and  elevated  temperature  are 
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(b)  Represents  AMS  4911  requirements  for  Ftu  and  Ft„;  note  that  these  are  lower  than  MIL-T-9046. 

(c)  Values  in  this  column  apply  to  material  reannealed  after  aging. 
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a  Producers  guaranteed  properties,  supported  by  available  data, 
b  Suggested  minimum  properties  based  on  limited  supporting  data. 

c  Limited  data  indicate  properties  in  the  longitudinal  direction  may  be  lower  than  shown 
d  8  -  0.  188  to  C.  250  inch; 
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FIGURE  5 -h.  2.  1-3.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
YIELD  STRENGTH  (Fcy)  OF  /  WEALED  T1-6A1-4V 
ALLOY  SHEE  C  AND  BAR 


FIGURE  5-4.  2.  1-4.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  (F,„)  OF  ANNEALED  Ti-6A1-4V  ALLOY 
SHEET  AND  BAR 
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FIGURE  5-4.  2.  1-5.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE 
BEARING  STRENGTH  (Fbru)  OF  ANNEALED 
Ti-6A1-4V  ALLOY  SHEET  AND  BAR 
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FIGURE  5-4.  2.  1-6.  EFFECT  OF  TEMPERATURE  ON  THE  BEARING  YIELD 
STRENGTH  (Fbry)  OF  ANNEALED  Ti-6A1-4V  ALLOY 
SHEET  AND  BAR 
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FIGURE  5-4.  2.  3-1.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  AT 
CRYOGENIC,  ROOM,  AND  ELEVATED 
TEMPERATURES  FOR  ANNEALED  Ti-6A1-4V 
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FIGURE  5-4,  2.  5-1.  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  MILL-ANNEALED 

TI-6A1-4V  ALLOY  BAR  AT  ROOM  TEMPERATURE ( 1 ) 
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FIGURE  5-4.  2.6-1.  RESIDUAL  STRENGTH 
DATA  FOR  8-INCH- WIDE,  MILL- 
ANNEALED  TI-6A1-4V  ALLOY  SHEET  OF 
0.025-INCH  NOMINAL  THICKNESS^3*  37) 


FIGURE  5-4. 2. 6-2.  RESIDUAL  STRENGTH 
DATA  FOR  24-INCH- WIDE,  MILL- 
ANNEALED,  T1-6A1-4V  ALLOY  SHEET  OF 
0. 050-INCH  NOMINAL  THICKNESS*37) 
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t.  3.  1-3.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  (FCy)  OF  SOLUTION- TREATED  AND  AGED 
Ti-6A1-4V  ALLOY 


FIGURE  5-4.  3. 1-4.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  (Feu)  OF  SOLUTION- TREATED  AND  AGED 
T1-6A1-4V  ALLOY 
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FIGURE  5-4.  3.1-5.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  BEARING 
STRENGTH  (Fbru)  OF  SOLUTION- TREATED  AND  AGED 
T1-6A1-4V  ALLOY 
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FIGURE  5-4. 3. 1-6.  EFFECT  OF  TEMPERATURE  ON  THE  BEARING  YIELD 
STRENGTH  (Fbry)  OF  SOLUTION- TREATED  AND  AGED 
T1-6AI-4V  ALLOY 
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FIGURE  5-4.  3.  1-7.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  AND 
COMPRESSIVE  MODULUS  (E  AND  Ec)  OF  SOLUTION- 
TREATED  AND  AGED  Ti-6A1-4V  ALLOY 
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FIGURE  5-4.  3. 1-8.  EFFECT  OF  TEMPERATURE  ON  THE  ELONGATION  OF 
SOLUTION- TREATED  AND  AGED  TI-6A1-4V  ALLOY 
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FIGURE  5-4.  3.  3-1.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  FOR 
SOLUTION-TREATED  AND  AGED  Ti-6A1-4V 
ALLOY  SHEET  AT  ROOM  AND  ELEVATED 
TEMPERATURES 


FIGURE  5-4.  3. 3-2.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
SOLUTION- TREATED  AND  AGED  Ti-6A1-4V  ALLOY 
SHEET  AT  ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-4.  3. 3-3. 
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TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
SOLUTION- TREATED  AND  AGED  Ti-6A1-4V  ALLOY 
SHEET  AT  ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-4.  3.  3-4. 
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TYPICAL  COMPRESSIVE  TANGENT-MODULUS  CURVES  FOR 
SOLUTION-TREATED  AND  AGED  Ti-6A1-4V  ALLOY  SHEET 
AT  ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-4. 3.  3-5.  TYPICAL  COMPRESSIVE  TANGENT-MODULUS  CURVES  FOR 
SOLUTION- TREATED  AND  AGED  Ti-6A1-4V  ALLOY  SHEET 
AT  ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-4,  3,  5-1.  TYPICAL  CONSTANT- LIFE  DIAGRAM  FOR  FATIGUE 

BEHAVIOR  OF  SOLUTION- TREATED  AND  AGED 
Ti-6A1-4V  ALLOY  SHEET  AT  ROOM  TEMPER  ATURE<!9> 
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FIGURE  5-4,  3.  5-2.  TYPICAL  CONSTANT-LIFE  DIAGRAM  FOR  FATIGUE 

BEHAVIOR  OF  SOLUTION- TREATED  AND  AGED 
T1-6AI-4V  ALLOY  SHEET  AT  600  F<19> 
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FIGURE  5-4.  3.  5.  4.  S-N  DIAGRAM  FOR  UNNOTCHED  SPECIMENS  OF  SOLUTION- TREATED  AND 
AGED.  FORGED  Ti-6A1-4V  TESTED  AT  AN  R  VALUE  OF  0.  2*71) 
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FIGURE  5-4. 3. 5-5.  S-N  DIAGRAM  FOR  EDGE-NOTCHED  {Kt  =  6,  R  =  0.  010  IN)  SPECIMENS  OF 
SOLUTION-TREATED  AND  AGED  Ti-6Al-4V  ALLOT  SUBJECTED  TO  A  MEAN  STRESS 
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FIGURE  5-4.  3.  5-7.  S-N  DIAGRAM  FOR  NOTCHED  (Kt  =  2.  58)  SPECIMENS  OF  BETA-TREATED  PLUS 
SOLUTION- TREATED  AT  1725  F  FOR  30  MIN,  WATER  QUENCHED  AND  AGED  AT  1250  F  FOR 
4  HOURS  AND  AIR  COOLED  ANGLE  EXTRUSK>N  OF  TI-6A1-4V  ALLOY'4' 


Thermol  Conductivity,  K,  %  Specific  Heat,  Btu/lb/F 

Btu/t(hr)(ft2)(F)/ft3  _  _  £  g  pop 
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FRE  5-4. 4- 1 .  EFFECT  OF  TEMPERATURE  ON  THE  SPECIFIC  HEAT  (C) 
OF  Ti-6Al-4V(t9) 


FIGURE  5-4. 4-2.  EFFECT  OF  TEMPERATURE  ON  THE  THERMAL 
CONDUCTIVITY  (K)  OF  TI-6A1-4VU9) 

Note:  The  curve*  on  thi*  page  differ  from 
corresponding  curves  in  MIL-HDBK-5 


Mean  Lineor  Coefficient  of  Thermal  Expansion, 
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FIGURE  5-4. 4-3.  MEAN  LINEAR  COEFFICIENT  OF  THERMAL  EXPANSION  (a)  OF 


Ti-6A1-4V  BETWEEN  ROOM  TEMPERATURE  AND  THE 
INDICATED  TEMPERATURE^1?) 


FIGURE  5-4. 4-4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  CP)  OF  Tt-6A1-4V(1) 

Note:  The  curvet  on  thlt  peg*  differ  fron 
corresponding  curve*  In  MH.-RDBK-5 
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5-5  Titanium  Alloy  Ti-6AI-6V-2Sn 
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5-5.0  SPECIFICATIONS  AND  FORMS 


5-5.  2.  5  Fatigue  Effects 


This  section  covers  titanium  alloy  Ti-6A1- 
6V-2Sn  of  the  following  specifications  and  forms: 


Specification 


Form 


MIL-T-9046 

MIL-7-9047 


MIL-H-81200 


Sheet,  atrip,  and  plate 
Bars  and  forgings 
Extrusions 

Heat  treatment,  all  forms 


5-5.  1  ROOM- TEMPERATURE  DESIGN  MECHANI¬ 
CAL  PROPER  TIES 


Table  5-5. 1-1  summarises  the  design  me¬ 
chanical  properties  of  titanium  alloy  Ti-6Al-6V- 
2Sn  sheet,  strip,  and  plate  at  room  temperature. 
Tentative  properties  for  bar-forging  products  are 
summarised  in  Table  5-5. 1-2.  Tentative  proper¬ 
ties  for  extrusions  are  summarised  in  Table 
5-5. 1-3. 


5-5.2  ENVIRONMENTAL  EFFECTS  FOR  ANNEAL¬ 
ED  MATERIAL 


Constant-life  diagrams  for  fatigue  behavior 
at  room  temperature  are  presented  in  Figures 
5-5.  2. 5- 1  through  5-5.  2. 5-3.  A  typical  S-N 
diagram  for  notched  extrusions  is  presented  in 
Figure  5-5.  2.  5-4.  A  typical  S-N  diagram  for 
unnotched  and  notched  plate  is  presented  in 
Figure  5-5.  2.  5-5. 

5-5.3  ENVIRONMENTAL  EFFECTS  FOR 
SOLUTION-TREATED  AND  AGED 
MATERIAL 

5-5.  3.  1  Elevated- Temperature  Effects 

The  effect  of  temperature  data  are  presented 
in  Figures  5-5.  3. 1-1  through  5-5.  3. 1-2. 

5-5.  3. 4  Creep  Effects 

Creep  data  are  presented  in  Figures 
5-5.  3.4-L 

5-5.4  THERMOPHYSICAL  EFFECTS 


5-5.  2. 1  Stress-Strain  and  Tangent-Modulus  Curves  The  effect  of  temperature  on  physical  pro¬ 

perties  is  displayed  in  Figures  5-5. 4-1  through 
A  typical  full-range  stress-strain  diegram  at  5-5. 4-4, 

room  temperature  is  presented  in  Figure  5-5,  2. 1-1. 
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FIGURE  5-5.  2.1-1. 

T1-6A1-6V- 


typical  full-range  stress-strain  curves 

ilSn  SHEET  AT  ROOM  TEMPERATURE*47) 


FOR  ANNEALED 


Mciimum 


Minimum  Siren,  ksi 


FIGURE  5-5.  2.  5-1.  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  Ti-6Al-6V-2.  5Sn 

ANNEALED  FORGINGS  AT  ROOM  TEMPERATURE 
(UNNOTCHED)*40) 
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FIGURE  5- 5.  2,  5-2.  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  Ti-6A1-6V~2.  5Sn 

ANNEALED  FORGINGS  AT  ROOM  TEMPERATURE*40) 
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FIGURE  5-5.  2.  5-3.  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  Ti-6Al-6V-2.  5Sn 

ANNEALED  FORGINGS  AT  ROOM  TEMPERATURE^40) 
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FIGURE  5-5.  2.  5-5.  S-N  DIAGRAM  FOR  UNNOTCHED  AND  NOTCHED  (Kt  =  3.  5)  SPECIMENS  OF 
Ti-6Al-6V-ZSn  PLATE  (1-1/4  INCH  THICK),  HEATS  D-2002  AND  D-5280,  ANNEALED 
AT  1300  F  FOR  6  HOURS,  AIR  COOLED^72* 
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FIGURE  5-5.3.  l-l.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  TENSILE 
STRENGTH  (Ftu)  OF  SOLUTION- TREATED  AND  AGED 
Ti-6Al-6v-2Sn 


FIGURE  5-5.  3. 1-2.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  YIELD 
STRENGTH  (Fty)  OF  SOLUTION- TREATED  AND  AGED 
Ti-6Al-6V-2Sn 


Stress,  ksi 
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FIGURE  5-  5.  3.4-1.  TYPICAL  CREEP  DATA  FOR  SOLUTION- TREATED  AND 
AGED  Ti- 6AI- 6 V-  2Sn  ALLOY  BAR  AT  600,  700,  AND 

800F(22) 


Resistivity,  microhm  inches 
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FIGURE  5-5. 4-3.  MEAN  UNEAR  COEFFICIENT  OF  THERMAL  EXPANSION 
(a)  OF  Ti-6Al-6V-2Sn  BETWEEN  ROOM  TEMPERATURE 
AND  THE  INDICATED  TEMPERATURE^7) 


II  R  B  8  B  B  fl  ■  B  8  B  B  BB  B  B  B  B*B  B  B  BB  SB  BBB  B  8  B  BBLB  B  BB  BB  B  B  B  B  BB8  B  BB  8  B  B  BBB  B  B  B  B  BB  BBBB  BBBB  B  B  BBBB  BB  B  BB  B  ■ 

IjBiBRBRBBIRRBIBBIINIiaiiaaiiaiBBIIRIIBUlIRBRiaBBmilllilllllimiliailiaBlilll 

I  SB  BBBBBBBB  BBBBBBBBBB  BSBBBBBBBBB BWB8B8BBSBBB 8 BBBB BB  BBBB BBBBBB  BB BBBB BBBBBBBBBB BVMBfl 
||BBRIflBflBBRliBHB|BHflRflaBBBBBaBBBBRBBBIBBBBBBIBBBBBflflBflaBaBflBBBBBBBBaflBBaRaBIBBB^H 

iBBBBBBBBBBBBBBBBBBBSBBBBBBBBBBBBBBBBBBBBBBBiBBBBBBBBBBBBBBJIBBBBBBBBBBaBarBBB^B 

. . . 

BBBBBBBBBBBBBBBBBBBB  BBBBBBBBBB  BBBBBBBBBBBB BBBBBBBBBB BBBB BBBB BBBB BBBBB8BBBBBBBBBB] 
iiBBiBRaflBiaaRBiiRaiRaaaRBiBBBaaRaiiaBiiiiaiiiaiiaaiiaiiiiiaBRiiiiRBBBBBBiaaBRBBl 

■BBBBBBBBBBBB BBBBBBBBBB BBBB BBBBBBMB BBBBBBBBBBBB BBBBBBBBBBBB BBBBBBBBBBBB BBBB BBBBB] 
B  B  BBBB  BBBB  B  BB8B  fl  BBBB  BBB  BBBB  ^BBBBBBBB|BBBBBBB8BflBBBB  BBBBBBBBBB  BBBB  BBBBBB  BBBBBB.BBBB  I 

"■■■"■■■aa  aaasaaaSaB  iBaaBaaaaa  "■■■■■■■■BaSBaBaBBBaaaBSBSaHBnaSaBBaBBB'aaaaaasaBBl 
BBBBBBBBBB BBBBBBBBBB BBBB BH BBBB BBBBBBBBBB BBBBBB BBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBRIBb 
■  BBBBBBBIB  BBBBBBBBBB  BBB  B  B  BB^BBBBBBBBBBBB  BBBBBBBBB  BB  BBBB  B  BBB  MMNBMLB  B8B  BBBBBBBBbTI 
tBBBBBBBBBBBBBBBBBSBBBBBBBBflBBBaBBBaBBBBBJR^*BB---a-.^-aBBBBB^J|/.WBBBBBBBBBBBBBB| 

BBBBiaBBBBBBBBaBBaBBBaaRaaaiaaBaaaiaBaaRaRRifiRRaaBiRBiifc^RR  WiUrBibbbrbbbbbbbI 

»^HBBBBBBBB  BBBBBBBBRB  BB  BBBB  BBBBBBBBBB  BB  BBBB  a  ^BIBBBBBRmBB  a  BB.%:biWIiI  BBBB  BBBB  MMMHMH 
|BlHBBBIRRBBIBaRRRIIRBBBBBBBBBBflBBIBRaR^>flBBBBBBBI>RBIBBMB  BBMBBBBBBBBRBBR 
BBBBBBBBBB  BBBBBBBBBBBBBlBBBBBBBBBBBBBB^i.  BBBBBBBBBBBBBBBBBBBBBBBBBBJIBBBBBBBB^^^^^B 

■ibbbbbbbrI 

■■■■■■■■■■■■■■lRBBHR':RlBBBBBflBRBIBBBaBIBBBR**><>‘’T||B||BB|B|MBBBBBIflal 
^B@ffiB®a®0aBaaB@BB®aH«B8*0^0aB^aBBBB«BBBBBBBB^MMJ^-aMBBBBB^^^^^^^^jBBBBBBBB| 

BBBBBBBBBBBBBBBBBBBB  ^BBBBBB  iHL - - 

B  B8  RRIIRIBBRBBBBIiaf  RBBBBBBBB  WTP  >RBRBBBIBBBBIIBIBRI| 

BB  BBBB  BBBB  BBBB  B  BBBrBBBBBBBIRMMBMMMMBMHHMMMMg 
■  aBBBBBBBBBBB^aB| -  ' 

■  ■BBBBBBBBBBBBbTjbBBBBbTTSI _ 

BlflaBflBHlaBlBBa  flRIBBBfiflBRBBBBBIlIBBfllBBimHH 

BBBBBBBRBBBBBBRJBBBBBriBBBBBlIBBBBBBBBBBBRBaBaBBBBBB— — — 
BBBBBBBBBB  BBBBBB8BB8*'4B8BBBBBBSBB  BBBB  BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB, BBBBBBBBBB] 
■BBBBBBBBBBBBBBBBBBr BBBBBBBBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB] 
RBBRBBflaBBBBBBBBRir B BBBbBB BBBB BBB BBBB BBVBBBBB BBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB] 
BBERIBBBBBBBBBBBBr RBBRBBBBBBBRRIBBBBBBBBBBBBBHiBBBIBBBBBBBflBBBBBBBBBBRBBBBraBRlB] 
■■■BBBBBBaBBBBBBFB BBBBBBBBBB BBS 8 BBBBBB BBBBBB BBBB BBBBBBBBBBBB BBBBBBB^SMUBBMBMflBMBJ 


9BiiBiBB.BB...tf.BBBBBBBBBBBBB] 


^^^^^^^^^H^HV4BBBBBBnB^lflBBBBBBJSBBBBBBaBBaBKBBBBBBaaBBBBaaBBBBaBBBaBBaBB| 
BBBBBBBBBaBBBBBBB BBBBBBBBBB BBBB BBBB BBBB BBBBBBBBBB BBBBBBBBBBBBBBBBBBBB] 
SflHBBB  iRHlRBBRB''  *  BB  BBBBBBBBBB  BBRB  SbB  BBBBBrBB  BBB  BBB  BBBBBBBBBBBBBBBBBBBB] 
§aaBBrBBBBRRBSr.BaRB»aBBBBRBBBBR8RBflBBRBatl*RaBBa8BBB8BBBRBBBRBBRBBta!!] 
p  B  BB  B  i  B  BB  BB  BB'^B  B  BBBB  BB  BBBB  BB  fl  BB  BBBBB  BBB  ■  IBB  BBB  BB  B  BB  BBBB  BBBBBBBBBI^BBBB] 

. . | 

NBBBIBRBBaSlBBRIRIBRBliRRiBBBRflRaBIRBRIB] 

BBBBB 

BBRRBRIBIRBBBRRRjliVVVVmVIilHHHMPpHVMmM 

nMHMHHHMPHPOTPHHOTiMNMaBBaBBBBBaBaBBBfiaaaaBBBBaBBaaaaBaaBaiaaaBBBaBBaaaaB] 

|BBBBBBBBBBBBBBar JBBBBBBBIRBBBBBBBBBBBBBBBBBBBBBBBBBBBjBBBBaBBBBBBBaBaBBBBBBBBBBBBj 


-200  0  200  400  600  800  1000  1200  1400 

Temperature,  F 


FIGURE  5-5. 4-4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  (p)  OF  Ti-6Al-6V-2Sn<17) 
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5-6.0  SPECIFICATIONS  AND  FORMS 


5-6.  3.3  Stress- Strain  and  Tangent  Modulus  Curves 


This  section  covers  titanium  alloy  Ti-13V- 
llCr-3Al  of  the  following  specifications  and  forms: 


Specification 


Form 


MIL-T-9046 

MIL-T-9047 

MIL-H-81200 


Sheet,  strip,  and  plate 

Bars  and  forgings 

Heat  treatment,  all  forms 


5-6.1  ROOM- TEMPERATURE  DESIGN  ME¬ 
CHANICAL  PROPERTIES 


Typical  tensile  and  compressive  stress- 
strain  curves  for  room  and  elevated  temperatures 
are  presented  in  Figures  5-6.  3.  3-1  and  5-6.  3.  3-2. 
Typical  compressive  tangent-modulus  curves  are 
presented  in  Figure  5-6.  3.  3-3. 

5-6.  3.  5  Fatigue  Effects 

Constant-life  diagrams  for  fatigue  behavior 
at  room  and  elevated  temperatures  are  presented 
in  Figures  5-6.  3.  5-1  through  5-6.  3.  5-3. 


Table  5-6.  1-1  summarizes  the  design  me¬ 
chanical  properties  of  titanium  alloy  Ti-l3V-UCr- 
3A1  sheet,  strip,  and  plate  at  room  temperature. 
Properties  for  bar  and  forging  products  are  sum¬ 
marized  in  Table  5-6.  1-2. 

5-6.2  ENVIRONMENTAL  EFFECTS  FOR  AN¬ 
NEALED  MATERIAL 

5-6.  2.  1  Elevated- Temperature  Effects 

The  effect  of  temperature  data  are  presented 
in  Figures  5-6.  2.  1-1  through  5-6.  2.  1-7. 

5-6.  2.  2  Exposure  Effects 

100-hour  exposure  at  800  F  results  in  aging 
of  this  alloy. 

5-6.  2.  3  Stress-Strain  and  Tangent- Modulus  Curves 

Typical  stress-strain  curves  for  room  and 
elevated  temperatures  are  presented  in  Figures 
5-6.  2.  3-1  through  5-6.  2.  3-4.  Typical  compres¬ 
sive  tangent-modulus  curves  arc  presented  in 
Figures  5-6.  2.  3-5  and  5-6.  2.  3-6. 


5-6.4  THERMOPHVSICAL  EFFECTS 

The  effect  of  temperature  on  physical  pro¬ 
perties  is  displayed  in  Figures  5-6.  4- 1  through 
5-6.  4-4. 

5-6.  2.  5  Fatigue  Effects 

Constant-life  diagrams  for  fatigue  behavior 
at  room  and  elevated  temperatures  are  preaoi ted 
in  Figures  5-6.  2.  5-1  through  5-6.  2.  5-3. 

5-6.3  ENVIRONMENTAL  EFFECTS  FOR 

SOLUTION-TREATED  AND  AGED  MATERI¬ 
AL 

5-6.  3.  1  Elevated- Temperature  Effects 

Data  on  the  effect  of  temperature  are  pre¬ 
sented  in  Figures  5-6.  3.  1-1  through  5-6.  3.  1-7. 

5-6.  3.  2  Exposure  Effect 

Prolonged  exposure  at  550  F  has  a  minor 
strengthening  (aging)  effect  accompanied  by  a 
decrease  in  elongation  at  room  temperature. 


Per  Cant  Ftv  of  Room  Temperature  »  P*  Cent  of  Room  Temperature 
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2. 1-1.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  TENSILE 
STRENGTH  (Fm)  OF  ANNEALED  Ti-13V-llCr-3Al  ALLOY 
SH2ET 


6.  2. 1-2.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  YIELD 
STRENGTH  (Fty)  OF  ANNEALED  Ti-13V-llCr-3Al 
ALLOY  SHEET 


Per  Cent  FSy  ot  Room  Temperature  W  pw  On?  Fev  at  Room  Temperature 
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5-6.  2.  1-3.  EFTECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  (Fcy)  OF  ANNEALED  Ti-13V-llCr  3A1  ALLOY 
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FIGURE  5-6.  2.  1-4.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  (F,u>  OF  ANNEALED  Ti-13V-llCr-3Al 
ALLOY  SHEET 
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FIGURE  3-o  2  1-5.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  BEARING 
STRENGTH  (Fbru)  OF  ANNEALED  Ti-  13V-  1  lCr-3Al  ALLOY 
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FIGURE  5-6.  2.  1-7.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  AND 
COMPRESSIVE  MODULUS  (E  AND  Ec)  OF  ANNEALED 
Ti-13V-llCr-3Al  ALLOY  SHEET 


FIGURE  5-6.  2,3-1.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  FOR  ANNEALED 
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FIGURE  5-6.  2.  3-2.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  FOR  ANNEALED 
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FIGURE  5-6.  2.  3-4.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
ANNEALED  T1-13V-1  lCr-3Al  ALLOY  SHEET  AT  ROOM 
AND  ELEVATED  TEMPERATURES 
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FIGURE  5-6.  2.  3-6.  TYPICAL  COMPRESSIVE  TANGENT-MODULUS  CURVES 
FOR  ANNEALED  Ti-13V-llCr-3Al  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 
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5-6.  3.  1-3.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  (Fcy)  OF  SOLUTION- TREATED  AND  AGED 
Ti-13V-llCr-3Al  ALLOY  SHEET 


FIGURE  5-6.  3.  1-4.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  (Fsa)  OF  SOLUTION- TREATED  AND  AGED 
Ti-13V-llCr-3Al  ALLOY  SHEET 
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FIGURE  5-6.  3.  1-5.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  BEARING 
STRENGTH  (Fbru)  OF  SOLUTION- TREATED  AND  AGED 
Ti-  13V-1  lCr-3Al  ALLOY  SHEET 
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FIGURE  5-6.3.  1-6.  EFFECT  OF  TEMPERATURE  ON  THE  BEARING  YIELD 
STRENGTH  <Fbry)  OF  SOLUTION- TREATED  AND 
AGED  Ti-13V-l)Cr-3Al  ALLOY  SHEET 
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FIGURE  5-6.  3.  1-7.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  AND 
COMPRESSIVE  MODULUS  (E  AND  Ec)  OF  SOLUTION- 
TREATED  AND  AGED  Ti-13V-llCr-3Al  ALLOY  SHEET 
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FIGURE  5-6.  3.  3-2.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
SOLUTION- TREATED  AND  AGED  Ti- 13V- llCr-3Al 
ALLOY  SHEET  AT  ROOM  AND  ELEVATED 
TEMPERATURES 


FIGURE  5-6  3.  3-3.  TYPICAL  COMPRESSIVE  TANGENT-MODULUS  CURVE* 
FOR  SOLUTION-TREATED  AND  AGED  Ti- 13V-ilCr-3Al 
ALLOY  SHEET  AT  ROOM  AND  ELEVATED 
TEMPERATURES 
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FIGURE  5-6.  3.  5-1.  TYPICAL  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  SOLUTION-TREATED  AND 
AGED  Ti-13V-llCr-3Al  ALLOY  (SHEET)  AT  ROOM  TEMPERATURE^7) 
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FIGURE  5-6.  4-1.  EFFECT  OF  TEMPERATURE  ON  THE  SPECIFIC  HEA  (C) 

OF  T;-i3V-llCr-3Al(19) 


aaaaaaaaaaaaaaaamaaaaaaai 


■  ■  *  ■  ■  *aa  Baaaaaa* 


-q  W 

II 

_  C. 

o  ^  7.0 


btoaaaaaBaaaaaa 


aaaaaaaaaiiaaaaaSaaiaaaaaaaiiagaaap^iaiiaaaaiSSaiB 


aaaaaaaaaaaaaaaaaaaaaaaaa 

>aaaaaaaaaBBaaB«BBafiaaaftafi 

BBBBBBBBJIBBBBBBBgfBBBBBBa 


JiBBaaaaaaaBBBaB*aaBaBaaB*saiaaaaBpaBaaBaBBaaaaaaB«MBaaBaBaBi 

|:;:;;=ss;?:g?sssssK:sr=s=sat;s5s=ss3csgng||lg|s£aaiaa 

ISiaaiijaa^a  a  a  a  aa  a  aaa  aa»  aaaaaa  a  a  aaa  a  a  ■  a  ibHiU 


■aaaaaaaaaaaaal 

Baaaatfaaaaaaaaal 

■aaaaaaaaaaaaaal 

wiaiiRBHainal 


^■■•■■■■■■■■■BBaaaaaaaaaaaaaBaaaBaBnBBaaBiaaaaaaaaaaaMBMaanaBiiiiiaiil 
|aahaBar*BaaaaaaaaaaB'BBBBaa£aaaBBaSaaaa*BaaaaXaBaaaaaBaBaaaaaBBaaaSBa&la£aii2iiiil 
liii|*'-*«*»;*;;«;;»;;»aaaaaaaBBaBBaaaBBBaBaBBaBBKaaaBBBaaaaBSaaSBBBaaaBBBBBaaCa5| 
^^^aaaaaaaiaa— aaaBaaBaaaaaaB6aaaaBBaaaaaaaaaaBataaaaaafcaaaaaaaaaaK6aaaaaaaaal 


Temperature,  F 


FIGURE  5-6. 4-2.  EFFECT  OF  TEMPERATURE  ON  THE  THERMAL  CONDUCTIVITY 
(K)  OF  Ti-13V-lICr-3Al(19) 

Note:  Thase  figure*  differ  from  corresponding  curves  in  MIL-HDBK-5 
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FIGURE  5-6. 4-3.  MEAN  LINEAR  COEFFICIENT  OF  THERMAL  EXPANSION  (a) 
OF  Ti-13V-llCr-3Al  BETWEEN  ROOM  TEMPERATURE  AND 
INDICATED  TEMPERATURE*  19> 
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FIGURE  5-6. 4-4.  EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  (p)  OF  Ti-13V-llCr-3Al(9) 
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5-7.0  SPECIFICATIONS  AND  FORMS 

This  section  covers  titanium  alloy  Ti-4Al- 
3Mo-lV  of  the  following  specifications  and  forme: 

Specification _ Form _ _ 

M1L-T-9046  Sheet,  strip,  and  plate 
M1L-H-81200  Heat  treatment,  all  lorms 

5-7.  1  ROOM-TEMPERATURE  DESIGN  ME¬ 
CHANICAL  PROPERTIES 

Table  5-7.  1-  1  summarizes  the  design  me¬ 
chanical  properties  of  titanium  alloy  Ti-4Al-3Mo- 
IV  sheet,  strip,  and  plate  at  room  temperature. 

5-7.3  ENVIRONMENTAL  EFFECTS  FOR 

SOLUTION-TREATED  AND  AGED  MA¬ 
TERIAL 

5-7.  3.  1  Elevated  Temperature  Effects 

The  effect  of  temperature  data  are  pre¬ 
sent  -J  in  Figures  5-7.  3.  1-1  through  5-7.  3.  1-6. 


5-7.  3.  3  Stress-Strain  and  Tangent  Modulus  Curves 

Typical  compressive  and  tensile  stress-strain 
curves  for  room  and  elevated  temperatures  are 
presented  in  Fi;  .res  5-7.  3.  3-  1  and  5-7.  3.  3-2. 

The  effect  of  temperature  on  the  tensile  and  com¬ 
pressive  modu.  as  of  elasticity  is  shown  in  Figure 
5-7.  3.  3-3.  Figure  5-7.  3.  3-4  presents  typical 
compressive  tangent  modulus  curves  at  room  and 
elevated  temperature. 

5-7,  3.  5  Fatigue  Effects 

Typical  constant-life  fatigue  diagrams  at 
room  and  elevated  temperatures  for  unnotched 
and  notched  Ti-4Al-3Mo-l  V  are  shown  in  Figures 
5-7.  3.  5-1  to  5-7.  3.5-6. 

5-7.4  THERMOPHYSICAL  EFFECTS 

The  effect  of  temperature  on  physical  pro¬ 
perties  is  shown  in  Figures  5-7.  4-1  to  5-7.  4-3. 


Alloy . 

Form . . 

Condition . 

Thickness  or  diameter,  in.... 

Basis . . . 

Mechanical  properties: 

^tu*  k*i . 


Sheet  and  strip 
Annealed 


MIL-T-9046  Type  III  Composition  B 
Plate 

Solution-treated  and  aged 


.  "  .  / 

/  <0.187 

w 

0.188  to 
0.250 

0.251  to 
0-500 

0.501  to 
0.750 

0.751  to 
1.000 

1.001  to 
1.500 

s 

A  B 

S 

S 

S 

s  i 

Fty,  1 

kal _ 

Fcy»  k*i • • • • 

Fau»  1 

kal.... 

^bru. 

ksl: 

<«/D 

-  l.b) 

(e/D 

-  2.0) 

‘W. 

kal: 

(e/D 

-  1.5) 

fe/D 

-  2.0) 

«,  per  ctoc: 

In  2  in. 


E,  10*  pal.. 
Ec,  ICO  pfi. 
G,  10^  pal  . 
1* . 


0.32  Values  in  parentheses  ()  are 
tentative  values . 

0.162 

^  - U.050  in.  and  above;  4  -  0.033  to  0.049  in;  3  -  0.032  in.  and  below. 


above . 


5-7:67-2 


°  4f' 


1200  1400  1600 


Temperature,  F 


FIGURE  5-7.  3.  1-1.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE 
TENSILE  STRENGTH  (Ftu)  OF  SOLUTION-TREATED  AND  AGED 
Ti-4Al-3Mo- 1 V  ALLOY 
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FIGURE  5-7.  3.  1-2.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  YIELD  STRENGTH 
(Fty)  OF  SOLUTION-TREATED  AND  AGED  Ti-4Al-3Mo-l V  ALLOY 
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FIGURE  5-7.  3.  1-3.  EFFECT  OF  TEMPERATURE  ON’  THE  COMPRESSIVE  YIELD 
STRENGTH  (Fcy)  OF  SOLUTION-TREATED  A  W  AGED  »-4A1-3Mo-1V 
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FIGURE  5-7.  3.  1-4.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  SHEAR 
STRENGTH  <FSU)  OF  SOLUTION- TREATED  AND  AGED  Ti-4Al-3Mo-l  V 
ALLOY 
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FIGURE  5-7.  3.  1-5.  EFFECT  OF  TEMPERATURE  ON  THE  ULTIMATE  BEARING 
STRENGTH  (Fbru)  OF  SOLUTION-TREATED  AND  AGED  Ti-4Al-3Mo- 1 V 
ALLOY 


FIGURE  5-7.  3.  1-6.  EFFECT  OF  TEMPERATURE  ON  THE  BEARING  YIELD 

STRENGTH  (Fbry)  OF  SOLUTION -TREATED  AND  AGED  Ti-4Al-3Mo-l V 
ALLOY 
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FIGURE  5-7.  3.  3-1.  TYPICAL  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR 
SOLUTION- TREATED  AND  AGED  Ti-4Al-3Mo- 1 V  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES 
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FIGURE  5-7.  3.  3-2.  TYPICAL  TENSILE  STRESS-STRAIN  CURVES  FOR  SOLUTION- 
TREATED  AND  AGED  Ti-4Al-3Mo-lV  ALLOY  SHEET  AT  ROOM  AND  ELE¬ 
VATED  TEMPERATURES 
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FIGURE  5-7.  3.  3-3.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  AND  COM¬ 
PRESSIVE  MODULUS  (E  AND  Ec)  OF  SOLUTION-TREATED  AND  AGED 
Ti-4Al-3Mo-lV  ALLOY 


FIGURE  5-7.  3.  3-4.  TYPICAL  COMPRESSIVE  TANGENT  MODULUS  CURVES  FOR 
SOLUTION-TREATED  AND  AGED  Ti-4Al-3Mo- 1 V  ALLOY  SHEET  AT 
ROOM  AND  ELEVATED  TEMPERATURES. 
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FIGURE  5-7.  3.  5-1.  TYPICAL  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  Ti-4Al-3Mo-l V  (STA) 
AT  ROOM  TEMPERATURE 
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FIGURE  5-7.  3.  5-2.  TYPICAL  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  NOTCHED  Ti-4Al-3Mo-l  V 
<STA)  AT  ROOM  TEMPERATURE 


7,  3.  5-3.  TYPICAL  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  Ti-4Al-3Mo-lV  (STA)  AT 
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FIGURE  5-7.  3.  5-4.  TYPICAL  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  NOTCHED  Ti-4A  -3Mo-lV 
(STA)  AT  600  F 
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FIGURE  5-7,  3.  5-6,  TYPICAL  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  NOTCHED  Ti-4Al-3Mo-l  V 
(STA)  AT  800  F. 
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FIGURE  5-7. 4-1.  EFFECT  OF  TEMPERATURE  ON  THE  SPECIFIC 
HEAT  (C)  OF  Ti-4Al-3Mo-lV 
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FIGURE  5-7. 4- 2.  EFFECT  OF  TEMPERATURE  ON  THE  THERMAL 
CONDUCTIVITY  (K)  OF  Ti-4Al-3Mo-lV 
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FIGURE  5- 7.4-3.  EFFECT  OF  TEMPERATURE  ON  THE  MEAN  COEFFICIENT 
Or  THERMAL  EXPANSION  (of)  OF  Ti-4Al-3Mo-lV 
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5-8.0  SPECIFICATIONS  AND  FORMS 

This  section  covers  titanium  alloy  Ti-679 
of  the  following  specifications  and  forms: 

Specification  _  Form _ 

AMS  DRAFT  49BH  Bars  and  forgings 
MID- T- 9047 

5-8.  1  ROOM- TEMPERATURE  DESIGN  ME¬ 
CHANICAL  PROPERTIES 

Table  5-8.  1-1  summarizes  the  design  me¬ 
chanical  properties  of  titanium  alloy  Ti-679  at 
room  temperature. 

5-8.3  ENVIRONMENTAL  EFFECTS  FOR 

SOLUTION- TREATED  AND  AGED  MA- 
TERlAL 


5-3.  3.  3  Stress- Strain  and  Tangent  Modulus  Curves 

5-8.  3.4  Creep  Effects 

Creep  properties  of  solution  treated  and  aged 
li-679  are  shown  in  Figure  5-8.  3.4-1. 

5-8.  3.5  Fatigue  Effects 

Constant- life  diagrams  for  fatigue  behavior 
of  extrusions  at  room  and  elevated  temperatures 
are  presented  in  Figures  5-8.  3.  5-1  through 
5-8.  3.5-3. 

5-8.4  Thermophvsical  Effects 

Tho  effect  of  temperature  ui  physical  pro¬ 
perties  is  displayed  in  Figures  5-8.  4-2  through 
5-8. 4-4. 


5-8.  3.  1  Elevated- Temperature  Effects 

Effect  of  temperature  data  are  presented 
in  Figures  5-8.  3.  1-1  through  5-8.  3.  1-7. 


Note:  This  alloy  U  not  included  in  MIL-HD3K-5. 
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FIGURE  5-C.  3.  1-3.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
,  YIELD  STRENGTH  (Fcy)  OF  SOLUTION- TREATED  AND  AGED  Ti-679 
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FIGURE  5-8.  3.  1-4.  EFFECT  OF  TEMPERATURE  CN  THE  ULTIMATE  SHEAR  STRENGTH 
(Fgu)  OF  SOLUTION- TREATED  AND  AGED  Ti-679  ALLOY  BAR  AND  FORC-ING 
(TENTATIVE  CURVE  BASED  ON  LIMITED  DATA)  (49,53) 
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AGED  Ti-679  ALLOY  BAR  AND  FORCINGS'53' 


5-8:67-6 


FIGURE  S-8.  3. 5-2.  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  Ti-679  FORGING  TESTED 
AT  500  F  AT  A  FREQUENCY  OF  1800  CPM  IN  BENDING*67) 
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FIGURE  5-8.  3.  5-3.  CONSTANT- LIFE  FATIGUE  DIAGRAM  FOR  Ti-679  FORGING  TESTED 
AT  800  F  AT  A  FREQUENCY  OF  1800  CPM  IN  BENDING**7* 
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FIGURE  5-8, 4-3.  MEAN  LINEAR  COEFFEdENT  OF  THERMAL  EXPANSION  (a)  OF  Tl-679 
BETWEEN  ROOM  TEMPERATURE  AND  THE  INDICATED  TEMPERATURE  <**) 


FIGURE  5 -8. 4-4.  EFFECT  OF  TEMPERATURE  ON  TW  ELECTRICAL  RESISTIVITY  (/•)  OF  Ti-679 
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5-9.0  SPECIFICATIONS  AND  FORMS 

This  section  covers  titanium  alloy  Ti-6Al- 
2Sn-4Zr-2Mo  of  the  following  specifications  and 
forms: 

Specification  Form 

- -  Sheet 

MIL-T-9047  Bars  and  forgings 

5-9.  1  ROOM- TEMPERATURE  DESIGN  ME¬ 
CHANICAL  PROPERTIES 

Table  5-9. 1-1  summarizes  the  design  me¬ 
chanical  properties  of  titanium  alloy  Ti-6Al-2Sn- 
4Zr-2Mo  in  all  product  forms. 


5-9.2  ENVIRONMENTAL  EFFECTS  FOR  DUPLEX- 
ANNEALED  MATERIAL 

5-9.  2.  1  Elevated- Temperature  Effects 

The  effect  of  temperature  data  are  pre¬ 
sented  in  Figures  5-9.  2.  1-1  through  5-9.  2. 1-7. 

5-9.  2.  5  Fatigue  Effects 

Constant-life  diagrams  for  fatigue  behavior 
are  presented  in  Figures  5-9.  2.  5-1  through 
5-9.  2.  5-3. 


Note:  This  alloy  is  not  included  in  MIL-HDBK-5. 


a  Producer's  guaranteed  minimums  for  Ftu,  Ft_,  and  e. 
b  Width  <8.  T 
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FIGURE  5-9. 2. 1-3  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 

STRENGTh  (F  )  OF  DUPLEX-ANNEALED  Ti-6Al-2Sn-4Zr-2Mo 
SHEET.  (TENTATIVE  CURVE  BASED  OH  LIMITED  DATA).  (55) 
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FIGURE  5-9. 2. 1-4  EFFECT  OF  TEMPERATURE  ON  Tffi  ULTIMATE  SHEAR  STRENGTH  (F  ) 
OF  DUPLEX-AHNEaLED  Ti-6Al-2Sn-4Zr-2Mo  SHEET.  (TENTATIVE 
CURVE  BASED  ON  LIMITED  DATA). <55> 
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FIGURE  5-9. 2. 1-7  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  AND  COMPRESSIVE 

MODULUS  (E  and  E  )  OF  DUPLEX-ANNEALED  Ti-6Al-£Sn-4Zr-2Mo 
SHEET.  (TENTATIVE  CURVES  BASED  ON  LIMITED  DATA). I55' 
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FIGURE  5-9.2. 5-1.  TENTATIVE  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  DUPLEX-ANNEALED  Tl-6Al-2Sn-4Zr-?Mo 
SHEET  AT  ROOM  TEMPERATURE.  . 

(  Tentative  cutvea  baaed  on  limited  data  ).'  ' 
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FIv  ^-9. 2.5-2.  TENTATIVE  CONSTANT-LIFE  FATIGUE  DIAGRAM  FOR  DUPLEX-ANNEALED  Ti-6Al-2Sn-4Zr-2Mo 
SHEET  AT  400  F.  (55) 

(  Tentative  curve*  based  00  limited  data  ). 
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FIGURE  5-9. 2. 5-3. 


Minimum  Stress,  fcsi 

TENTATIVE  CONSTANT-LIFE  FATIGUE  DIAGRAM  TOR  DUPLEX-ANNEALED  Ti-6Al-2Sn-4Zr-2Mo 
SHEET  AT  800  F.  x 

(  Tentative  curve*  baaed  oa  llaited  data  ). '  ' 
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